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ABSTRACT 

A method for more accurate phase fraction measurements of retained austenite (RA) 

using X-ray diffraction (XRD) has been developed and tested. RA presence improves 

formability, ductility, and dynamic strengthening in steel products. These properties are tied to 

the amount of austenite present in the material. As such, accurate phase measurement is key in 

understanding and predicting material behavior. One method for RA measurement is XRD. 

However, results can exhibit texture bias error caused by preferred crystallographic orientations. 

Sampling schemes have been considered as a means of reducing texture bias error. Sampling 

schemes designate a series of tilt and rotations to define diffraction vectors for use during the 

XRD measurement. In this study, sampling schemes with vectors arranged in a hexagonal (hex) 

grid pattern over the pole figure were investigated. Simulations were conducted using texture 

data of TRIP 700, TRIP 780, and duplex stainless sheet steels to evaluate the hex schemes and 

compare to more typical normal direction (ND) measurements. Hex grids with multiple grid 

spacings and different tilt limits were used to determine the number of vectors and pole figure 

coverage necessary for an accurate measurement. The “30-p” simulated hex scheme only 

contained 4 diffraction vectors and was limited to 60° of tilt, yet exhibited accurate results. The 

ND results were relatively inaccurate for all four materials. Further simulations using texture 

component combinations were performed to gauge the robustness of the sampling schemes. 7 

ferrite texture components and 13 austenite texture components were produced using the Matlab 

package MTEX. A simulation was conducted using each sampling scheme and texture 

combination. The results indicated the full hex schemes could adequately measure materials with 

very sharp or unknown texture profiles. The hex schemes reduced bias error over the ND 

simulation results. Validation of the duplex sheet steel simulations was conducted using 

experimental measurements. Multiple peak combinations were used to determine the effect of 

peak selection on accuracy. Both ND and 30° partial hex (comparable to the 30-p simulation) 

measurements were performed. The hex results were largely within one standard deviation of the 

accurate value. The ND measurement results remained less accurate. The simulation results for 

these same sampling schemes strongly agreed with the measurements.  
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CHAPTER 1: INTRODUCTION 

The project motivation and industrial relevance are described here, as well as the driving 

research questions.  

1.1.  Project Motivation 

Retained austenite is present in many Advanced High Strength Steels (AHSS) and 

provides formability and other properties to the material [1], [2]. Accurate measurement and 

characterization of the phase allows for improved designs and understanding of the material 

properties. Of several methods available for phase measurement, X-ray diffraction (XRD) is 

widely available and often used. Unfortunately, XRD measurements are susceptible to texture 

effects, where a disproportionate volume of crystals satisfies the Bragg condition, reducing 

measurement accuracy [3], [4]. Rolled sheet steels exhibit crystallographic texture which 

produce bias errors in phase measurements using XRD.  

One potential solution to reducing texture bias errors is the use of sampling schemes, 

where multiple measurements are conducted at various diffraction vectors over the sample 

surface. Each diffraction vector is the vector bisecting the X-ray source and detector. Previous 

simulation-based studies have indicated texture effects can be mitigated using multiple 

diffraction vectors arranged in a sampling scheme [5]. These studies used a texture bias error 

model based upon the distribution of crystal orientations in several example materials. Using the 

model, sampling schemes capable of providing accurate phase fraction results were determined 

[5]. However, the schemes considered contained up to and beyond a hundred diffraction vectors. 

The objective of this study is to determine the ability of sampling schemes with far fewer 

diffraction vectors to reduce texture effects to within the uncertainty of neutron diffraction 

results [6], [7].  

1.2. Research Hypothesis and Questions 

The primary hypothesis of the study was as follows: An accurate retained austenite phase 

fraction can be determined through X-ray diffraction of a rolled sheet steel at a small number of 

diffraction vectors arranged in a sampling scheme. 

The following questions were addressed in the study; each are designated for reference 

throughout the paper. 
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▪ How accurate are the phase fraction measurements if the number of 

diffraction vectors are reduced substantially? [RQ1]?  

▪ Is the ability to measure the entire pole figure, even at high tilt angles, 

required for an accurate phase fraction measurement [RQ2]? 

▪ Does the texture bias error simulation model accurately predict experimental 

results [RQ3]?  

1.3. Thesis Layout 

To address the research questions, this study uses complementary simulations and 

experimental trials. The simulation and experiment results are compared to prior neutron 

diffraction studies of the materials considered. RQ1 (diffraction vector requirement) is addressed 

through experimental trial of a scheme vetted and supported by simulation results. RQ2 (full pole 

figure requirement) is addressed using simulated measurements of computed texture 

combinations as well as example texture data from four sheet steels, and further validated based 

on experimental results. RQ3 (simulation model accuracy) is addressed through the comparison 

of the simulations and experiment.  

The background to this research is discussed in Chapter 2, after which Chapter 3 

describes the procedures used for both the simulations and experiments. Results of the 

simulations and experiments are found in Chapter 4, followed by the discussion and comparison 

of the simulation and experimental data in Chapter 5. Chapter 6 presents the final conclusions 

found in the study. Chapter 7 presents avenues for future work to expand upon the current 

results. The appendices include other information relevant to the study which were not the focus 

of the project. 

1.4. Glossary and Assumptions 

Definitions of several terms and values used throughout this study are necessary. The 

phase fraction values were defined as fractions of the volume of diffracted material, abbreviated 

as “vol.” The neutron-measured value was taken to be the accurate phase fraction for each 

example sheet steel simulation or measurement, as the full, even coverage of the pole figure 

likely reduced any texture effects. Furthermore, both XRD and the neutron measurements are 

diffraction based. The arbitrary imposed phase fractions were taken as the accurate value for 

simulations using texture components. Any absolute error described was taken as the difference 
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between the accurate phase fraction and the measured or simulated value. Absolute errors are 

presented as fractions of the volume diffracted material (vol) as well. Relative error was taken as 

the absolute error divided by the accurate value, and is presented as percentage.  
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CHAPTER 2: BACKGROUND 

2.1. Austenite in AHSS alloys 

Several phases may be present in steel at room temperature depending on composition, heat 

treatment, and processing. Ferrite, martensite, and austenite each exhibit different properties. 

Ferrite possesses a body-centered cubic (BCC) crystal structure. Martensite possesses a similar 

body-centered tetragonal (BCT) structure, and is often both stronger and less ductile than ferrite 

[8]. Austenite is a face-centered cubic (FCC) crystal structure, with different active slip systems 

which influences its mechanical behavior. Metastable austenite can transform to martensite with 

deformation or cooling. The transformation itself absorbs energy, leads to a volumetric change, 

and further facilitates dynamic work hardening [8]. 

Advances in ferrous metallurgy have led to the development of Advanced High-Strength 

Steels (AHSS) [2]. Whereas more traditional steel alloys usually decrease in ductility with 

increasing strength, AHSS can possess higher ductility-strength ratios [1]. AHSS consist of 

martensitic and multiphase steels with a tensile strength of greater than 440 MPa [2]. The 

distinguishing characteristic of AHSS is the beneficial mechanical properties provided by the 

secondary phases. Several generations have been used to describe advancements in AHSS 

development. The 1st generation includes dual-phase (DP), transformation-induced plasticity 

(TRIP), and complex phase (CP) steel [2], [8]. The 2nd generation describes the advent of 

twinning-induced plasticity (TWIP) steels [2], [8]. Development of the 3rd generation specifically 

seeks to improve formability and cost basis while retaining the improved mechanical behavior of 

AHSS [1], [2], [8]. The increased strength of AHSS allows for light weighting of structural 

components, and the improved formability eases production of high strength parts. AHSS are 

therefore of great interest to many facets of the industrial sector. 

Retained austenite is a key component of many AHSS. Relatively stable austenite imparts 

increased ductility, dynamic hardening properties, and formability to multiphase steels [1], [8]. 

Austenite’s transformation to martensite is also of interest. The energy cost of the transformation 

can be used to absorb impact energy. Tightly toleranced parts often have a maximum allowed 

austenite specification, reflecting the problem posed by volumetric change [9]. Each of the 

relevant properties provided by austenite are tied to the amount present within the bulk. 
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Therefore, accurate determination of the amount of austenite present in a material is important 

for proper component design. 

2.2.  Round Robin Review 

While several phase fraction measurement methods exist, prior work has indicated results 

can be inconsistent [10]. The results of a double-blind round robin study found variance in the 

phase fractions reported through different measurement methods [10]. The measurement 

methods used in the round robin included magnetic saturation, light microscopy, electron back-

scatter diffraction (EBSD), thermal diffusivity, laser ultrasonics, and X-ray diffraction (XRD). 

Multiple participants each reported values via XRD, EBSD, and magnetic saturation. Even when 

using the same nominal method, variation was present in the values reported by different 

participants.   

To illustrate this variation, the phase fractions reported from XRD measurements for the 

round robin are summarized in Figure 2.1. A wide range of values were reported via XRD for 

each sample. Sample 3, for example, was reported to have anywhere between 0.14 and 0.35 

volume fraction RA. Inconsistent measurement and analysis procedures likely contributed to 

differences in reported values. Many participants utilized different radiation sources, peak 

combinations, sample preparation, and data analysis procedures [10]. The reporting of disparate 

phase fraction from disparate methodologies is not surprising. The poor precision in the reported 

values, however, is larger than users of XRD may expect. The development and use of more 

consistent methods may help to reduce the scatter.  

Values for each participant were internally consistent [10]. Participant 5 consistently 

reported low RA content, while participant 1 always reported the highest RA content. The RA 

content of the duplicate samples, 1 and 5, was also reported consistently by each participant, with 

at most a difference of 0.03 phase fraction by volume. The internal consistency within each 

participant’s reported values suggest the overall disparity is based in methodology rather than 

some inherent imprecision of X-ray diffraction.  
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Figure 2.1: The results reported using XRD measurements during the round-robin study 

performed by Jacques et al in 2009. Samples 1 and 5 were duplicates, while the rest were from 

different batches of material [10]. 

 

2.3.  X-ray Diffraction 

 X-ray diffraction offers a non-destructive, widely available phase fraction measurement 

method. By directing radiation of known energy towards a sample, the diffracted radiation 

provides information about the microstructure of the near-surface of the sample. Crystallographic 

planes satisfying the Bragg condition for constructive interference produce peaks. The condition 

is defined mathematically in Equation 2.1 [11], with a visual aid in Figure 2.2. 

 

 𝑛𝜆 = 2𝑑 sin 𝜃 (2.1) 

 

 Here, the value n is a positive integer, 𝜆 is the wavelength of the of the radiation, d is the 

spacing between crystal planes, and θ is the angle of the incident radiation relative to the crystal 

plane.  
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An example diagram is shown in Figure 2.3, and demonstrates the peak formation 

associated with each plane of a BCC α iron crystal structure [12]. Higher intensity values 

(measured in units of counts) appear when the Bragg condition is satisfied and are distinct from 

the background. These spikes in intensity are referred to as peaks and are typically referred to by 

the same (hkl) label as the plane they are associated with. The 2θ position of each peak is 

determined by the d-spacing of the associated plane and wavelength of the incoming radiation. 

The phase associated with each peak is identified through understanding of the phases and 

relevant crystal structures expected within a material. In a multiphase material, the intensities of 

each peak are influenced by the relative abundance of a phase. The specific d-spacing and width 

of peaks can also provide information regarding deformation, dislocation density, and phase 

composition [11].  

 

 

Figure 2.2: Diagram used to visualize the Bragg condition. 

 

Various analyses of the diffraction data are performed to characterize materials from 

relatively small, representative samples, one of which determines the phase fraction. By 

comparing the relative intensities of several peaks between each phase, a phase fraction can be 

calculated [3], [13]. However, the alignment of the crystals also influences peak intensity [4], 

[11]. It is not possible for every crystal to satisfy the Bragg condition simultaneously in a 

poly-crystal material. In a material with a uniform distribution of crystals (or randomly oriented), 

the same number of crystals are aligned with any one direction. Therefore, the number of crystals 

aligned such that the Bragg condition is satisfied is proportional to the phase fraction only [4]. In 

many materials, the crystals are aligned preferentially, a property known as crystallographic 

texture. XRD conducted upon a textured material exhibits results reflecting the crystal 
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orientation [4]. While the diffraction and phase fraction results are representative of the 

participating crystals, the results do not necessarily represent the bulk material. 

 

 

Figure 2.3: Example XRD Intensity vs. 2θ plot. Values calculated for a BCC iron (ferrite) 

crystal structure with a lattice parameter of 2.86 Å using VESTA, a crystallography 

visualization software [12]. A radiation wavelength of 1.54 Å (matching Cu Kα1 radiation) 

was assumed during the calculation. Each peak is labeled with the associated (hkl) plane along 

the top x-axis of the plot. 

 

To better distinguish which planes will contribute to the measurement, Figure 2.4 

describes a simplified experimental setup. The detector includes a small receiving window, the 

geometry of which defines additional restrictions beyond the Bragg condition for a grain to 

provide data. The radiation path and diffraction vector are depicted for a sample measured about 

the surface normal. The diffraction vector bisects the emitted and diffracted radiation paths. 

During the measurement, the detector and emitter movement are typically coupled about the ω 

axis such that the diffraction vector is held constant relative to the sample orientation. For 

reflection mode XRD, the contributing planes have normal vectors that align with this diffraction 
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vector. A small amount of misorientation from the diffraction vector is allowed, the range of 

which depends on instrument parameters.  

 

 

Figure 2.4: Diagram of the basic experimental setup and orientation for a reflection mode X-

ray diffractometer. Depending on instrument setup, rotation about the ω, χ, or ϕ axes may be 

performed. 
 

2.4. Mathematics of Phase Measurements using XRD 

Several formulas exist for determining phase fractions using the diffracted intensities. An 

example of one such formula has been taken from the SAE special publication on the matter 

[14], and is shown below as Equation 2.2. 
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𝑉𝛾 =

1

1 + 𝑋 (
𝐼𝛼
200

𝐼𝛾
200 + 𝐼𝛼

220)

 
(2.2) 

 

Where I designates the integrated intensity of a peak related to the hkl plane specified in the 

superscript, and of the ferrite (α) or austenite (γ) phase specified in the subscript. Equation 2.2 

calculates an austenite volume fraction 𝑉γ based upon the appropriate weighting factor X, which 

was determined empirically for several classes of steels. For instance, when using a Chromium 

radiation source, X was found to be 4.10 for tempered martensitic steels, and closer to 4.27 for 

untempered, hardened martensitic steels [3]. The guideline leaves the material composition 

associated with the values unclear [3]. 

The special publication recommends a separate equation, here given as Equation 2.3, to 

calculate the 𝑉γ austenite volume fraction for materials such as sheet, wire, and cold worked or 

deformed parts [3]. Such materials would typically exhibit higher degrees of texture. 

Equation 2.3 is also the recommended formula for the ASTM standard for XRD measurement of 

near-randomly oriented steels [13]. 

 

 𝑉γ =

1
𝑞
∑ 𝐼𝛾

ℎ𝑘𝑙̅̅ ̅̅ ̅𝑞
ℎ𝑘𝑙=1

1
𝑝
∑ 𝐼α

ℎ𝑘𝑙̅̅ ̅̅ ̅𝑝
ℎ𝑘𝑙=1 +

1
𝑞
∑ 𝐼γ

ℎ𝑘𝑙̅̅ ̅̅ ̅𝑞
ℎ𝑘𝑙=1

 (2.3) 

 

In Equation 2.3, the number of austenite and ferrite reflections used in the calculation are 

represented by q and p respectively. Each 𝐼𝑋
ℎ𝑘𝑙̅̅ ̅̅ ̅ is a normalized intensity determined for each hkl 

peak of phase X. The normalized intensities are averaged by summing all values for one phase X 

and dividing by the number of peaks (q or p). The resultant fraction of the total normalized 

intensity associated with the austenite phase indicates the austenite volume fraction 𝑉𝛾.  

The 𝐼𝑋
ℎ𝑘𝑙̅̅ ̅̅ ̅ intensities are normalized by the theoretical intensities R following 

Equation 2.4. The 𝐼𝑋ℎ𝑘𝑙 designates the integrated intensity for the specified hkl peak of phase X 
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determined through the measurement. Each R value represents a theoretical intensity determined 

for the same peak and phase.  

 

 𝐼𝑋
ℎ𝑘𝑙̅̅ ̅̅ ̅ =

𝐼𝑋
ℎ𝑘𝑙

𝑅𝑋
ℎ𝑘𝑙 (2.4) 

 

The theoretical intensity R values are either computed or taken from tabulated sets based 

upon the composition of the material. The formula used in the calculation of R for each hkl 

reflection is as follows in Equation 2.5: 

 

 𝑅𝑋
ℎ𝑘𝑙 =

(|𝐹|2𝑝𝐿𝑃𝑒−2𝑀)

𝑣2
 (2.5) 

 

The F is the structure factor, p is the multiplicity of the hkl reflection, LP is the Lorentz 

Polarization factor, and 𝑒−2𝑀 is the Debye-Waller temperature factor [3], [13]. The value v is the 

volume of the unit cell. The structure factor considers the position of different alloying elements 

in the crystal structure, as well as their relative presence throughout the material, based upon the 

atomic scattering factor of each element. The temperature factor changes dependent upon the 

temperature, and is affected by the material composition in particularly heavily alloyed 

materials [15]. Each R value is computed for the specific peaks used, as the structure factor 

varies by plane.  

A potentially detrimental assumption is that the theoretical intensities are the same 

regardless of alloying. The tabulated R values in the ASTM guidelines are given for a specific 

alloy (which is not directly described in the text) [13]. The R values provided in the SAE 

publication vary with carbon content only, and similarly assume a non-specified alloy [14]. 

While the documents state that high alloying content can alter the values [13], [14], the inclusion 

of a set of general R values for steel offers a simple alternative to recalculation. The use of such 

tabulated values may negatively affect phase fraction measurement accuracy [3]. Even when 

recalculating R for the alloy composition, element segregation may hinder the calculation of an 

accurate R. Alloying element segregation between phases and through the sheet thickness is 

prevalent in many alloys and products [16], [17].  
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2.5. Texture 

One key assumption made during many phase fraction measurement procedures for 

X-ray diffraction is that the material is uniformly textured, or nearly so [13]. As mentioned in 

Section 2.3, crystallographic orientation affects XRD results [3], [4], [11]. A uniformly textured 

material possesses as many crystals aligned in one direction as any other direction, so the peak 

intensity is only indicative of the phase fraction [13]. By contrast, a textured material is non-

uniform, in that the crystals align preferentially in one or several directions. The peak intensities 

measured from the textured material thus reflect both the phase fraction and the proportion of 

planes aligned with the diffraction vector used [3], [4].  

The uniformly textured material assumption is readily shown to be false for sheet steels, 

where the rolling process imparts relatively high degrees of orientation to the crystals [18]–[20]. 

Figure 2.5 demonstrates the texture present in a duplex sheet steel via single-quadrant pole 

figures. The circular pole figure represents the sphere as though flattened onto a single plane. 

The scale of Figure 2.5 is in multiples of uniform distribution (MUD), indicating the relative 

distribution of crystal planes whose normal vectors align with each position of the pole figure. In 

MUD scale a value of 1 matches the number of crystals planes in alignment in a material with 

uniformly distributed grain orientation. As such, the MUD scale pole figure may be used to 

predict the influence of texture on diffraction results. If measuring this duplex steel at a single 

diffraction vector about the ND, using only the (200) plane of each material, the number of 

ferrite crystals measured would be nearly 3 times as that of a uniform material. As such, the peak 

associated with that plane would be nearly three times as intense. By contrast, the measured 

value from the (200) austenite plane, with a lower MUD about the ND, would be around 0.75 

times that of a uniform material. As the texture effects are not uniform between the two phases, a 

phase fraction measured at the ND of these planes would exhibit texture bias error. Texture bias 

error describes the error produced solely by texture effects on the measured phase fractions. For 

an ND measurement using the data included in Figure 2.5, if the actual phase content was 0.25 

vol austenite, the measured RA content would only be 0.07 vol austenite.  

Texture is relatively consistent within rolled steels (and cubic crystal materials in general) 

in that the pattern observed in the orientation distribution largely includes several texture 

components of varying strength [21]–[23]. These components are presented alongside four 
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example materials, each a sheet steel characterized via neutron diffraction, in Figure 2.6 [6], [7]. 

The common textures present in ferrite include the α1 component and γ fiber [18], [19]. Austenite 

texture components typically include the Brass, Goss, and Copper components, with the Cube 

texture component appearing prominently during post-rolling recrystallization [4], [18], [19]. 

The Copper component appears in materials with relatively high stacking fault energy (SFE), 

while the Brass component appears in materials with lower SFE, and the Goss component 

appears in both [4], [18], [19]. The “sharpness” of the pattern depends on several factors, 

including the level of reduction used in the rolling process, with higher strength textures forming 

with higher degrees of reduction [18], [19]. Between the two phases, the BCC crystal structure of 

ferrite tends to produce less variable textures as a function of processing and alloying [19], [20].  

 

  

 
Ferrite Austenite Scale 

Figure 2.5: Comparison of the texture of the (200) ferrite and austenite reflections for a 

duplex stainless sheet steel [7]. Both materials exhibit non-uniform distribution. Scale in 

MUD, and the pole figures are oriented such that the ND of the sheet is the bottom-left 

corner, the right corner is the TD, and the topmost corner is the RD. The described 

orientation is used for all pole figures presented in this study. 

 

The textures observed in the example materials resemble combinations of these texture 

components with varying degrees of prevalence (Figure 2.6). For instance, in the (200) ferrite 

reflection the duplex and TRIP 780 material strongly express the α1 component, while the TRIP 

780b and TRIP 700 demonstrate the presence of the γ fiber as well. The presence of the α1 fiber 
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leads to a strongly textured region appearing near the ND of all four materials’ ferrite phase. 

Similar comparisons with the Brass component in the (111) austenite reflections can be drawn.  

2.6. Typical Texture Bias Reduction Methods 

 Reduction or removal of texture from the measured sample is not an option for materials 

containing metastable austenite. The as received texture is often dealt with by powdering the 

sample [24]. The material is mechanically reduced to a fine powder and carefully mounted such 

that the individual particles can be assumed to be randomly oriented. Measuring a powdered 

sample reduces concerns over texture effects and provides control over the average particle size 

[4]. Powdering would likely transform metastable austenite, rendering the measurement 

inaccurate to the original material. As such, material being measured for austenite content must 

be used in the as-received state, and texture effects will remain.  

One method believed to reduce texture effects during the phase calculation is the 

inclusion of many peaks. Such is the case for Equation 2.3, where the use of at least four peaks 

per phase is considered to sufficiently address texture for rolled steels by the SAE guidelines 

[14]. However, several participants in the round robin used four or more peaks per phase, yet the 

results remained inconsistent [10]. Creuziger’s 2018 study similarly demonstrated inconsistency 

when relying on multiple peaks to improve accuracy [5]. The study used a texture bias model to 

simulate phase fraction measurements [5]. Calculated texture combinations and texture data 

taken from two TRIP sheet steels provided texture profiles for measurement [5]. The textures 

and phase fractions of the TRIP steels were previously characterized using neutron diffraction 

[6]. The texture profiles of the TRIP steels [6] and two other sheet steels [7] measured using 

neutron diffraction are found in Figure 2.7.  

 The simulations then sampled the texture profiles at specified diffraction vectors to 

determine a phase fraction value [5]. Each specific arrangement of diffraction vectors is known 

as a sampling scheme. The simulations accounted for the influence of the texture profiles on the 

measured intensities at each diffraction vector. The intensities were averaged over all vectors in a 

particular sampling scheme, thus determining the texture bias error remaining for each sampling 

scheme [5]. The simulated phase fractions were presented for several peak combinations. These 

included a set with 2-per-phase, 4-per-phase, and all unique peaks available (considering Cu 

source radiation limits). The simulation results indicated that even the use of the maximum 
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number of non-duplicate peaks cannot provide accurate phase fractions for a single diffraction 

vector measurement [5]. 

 

 

Figure 2.6: Pole figures of the (200) ferrite (rows 1 and 2) and (200) austenite (rows 3 and 4) 

reflection containing texture data in M.U.D. scale representing the common texture components 

and fibers present in rolled materials. Texture data from example sheet steels for (200) 

reflections are also presented for comparison to the texture components [6], [7]. Similar patterns 

to the components can be readily observed in the example materials. 

 

While some texture bias error remained in the results despite the use of multiple peaks, 

the presence of error may be explained by examining the equations and procedures used for 
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calculating phase fractions [5], [10], [14], [25]. Both the formulas used to calculate theoretical 

intensities and tables listing common values do not account for the influence of texture in any 

manner. As only the measured values are affected by texture, the use of additional planes in the 

calculation without further knowledge of the material’s texture can only provide an accurate 

phase fraction if the average M.U.D. value of the planes approaches 1. As such, the use of four 

or more peaks may be insufficient to remove the texture effect [5]. Using all four planes may, 

however, reduce the error compared to selecting two or even three planes, depending upon the 

particular peak combination [5].  

 

 

Figure 2.7: Recalculated pole figures for four example sheet steel materials characterized by 

neutron diffraction. The pole figures use the same MUD scale as Figure 2. The TRIP 700 and 

TRIP 780 materials were used in Creuziger’s simulations [5] and were measured in [6]. The 

TRIP 780b and duplex steels were measured by [7]. The pole figures were created from the 

reconstructed Orientation Distribution Function (ODF) determined from the measurements 

(see Section 3.2 for further detail). 

 

As the error may be reduced, though not removed, by the use of additional planes, it is 

important to consider limiting factors on which planes can or should be selected. Note that peaks 

of different index associated with the same plane, such as the α (110) and (220), present identical 

texture profiles. Duplicate peaks provide no further texture data to the calculation. As it is often 
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unreasonable to expect more than three to four peaks to be resolvable per phase for many 

diffraction results, the four-per-phase peak set represents a practical set for the use of multiple 

peaks to reduce texture effects. Particular radiation sources limit the peak selection further. For 

chromium radiation, at most 3 peaks per phase appear [14]. 

2.7. Sampling Schemes 

A sampling scheme consists of measuring at multiple diffraction vectors at specified tilt 

and rotation angles [4]. The use of sampling schemes provides an alternative method of 

addressing texture effects. Schemes can be defined mathematically, with diffraction vector 

positions defined by equations, or arbitrarily [4], [26], [27]. Schemes are often represented by 

presenting the diffraction vectors as grid points overlaid on pole figures, which allows a more 

direct association to texture data obtained for a material. By measuring at multiple diffraction 

vectors, the number of orientations satisfying the Bragg condition increases. The contribution of 

multiple orientations provides an averaging effect, reducing texture bias error [3], [5].  

The use of multiple orientations in diffraction measurements is not original; sampling 

schemes have been discussed for use in pole figure measurements by several authors [4], [11], 

[26], [27]. However, the technique is described as a tool for texture characterization, using very 

fine grid spacings to fully map the orientation distribution of the material. Though a similar 

method utilizing constant tilting and rotating of the sample is described by the SAE guidelines on 

phase fraction measurements, sampling schemes appear to be under-utilized in reflection mode 

measurements of sheet steel [3]. 

Evidence supports the ability of multiple diffraction vectors to improve the accuracy of 

phase fraction measurements [3]. The SAE publication describes results of a constant tilt and 

rotational measurement of materials with high preferred orientations [3]. Effectively, such a 

measurement is comparable to a very fine grid spacing sampling scheme. The measured phase 

fractions were found to be reproduceable within 0.013 vol RA using tilt and rotation techniques 

[3]. The stationary (single diffraction vector) measurements were much less consistent, with up 

to 0.49 vol RA error depending on peak combination [3]. Sampling schemes have previously 

been studied via the same simulations described in Section 2.6 [5]. Of the schemes considered, 

the hexagonal grid scheme was most successful in reducing the texture bias error [5]. Each of the 

hex schemes used in the referenced study are shown in Figure 2.8 in pole figure form. Arbitrary 
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±5 pct relative error limits were used to qualify the schemes’ abilities to reduce bias error. The 

partial hex (Figure 2.8.c) simulations predicted phase fractions within the error limit for most 

cases. The two full hex grids considered in the simulations covered the entire 90° tilt range of the 

pole figure. The full hex simulations achieved 100 pct consistency in determining phase fractions 

within the error limit. All three hex schemes contained many points, up to several hundred.  

 

 

(a) (b) (c) 

Figure 2.8: Pole figure representations of the three hex sampling schemes, reproduced from [5]. 

From left to right, the schemes are the 5° full (a), 22.5° full (b), and 5° partial (c) schemes. Each 

grid point represents a full measurement conducted at the appropriate diffraction vector. The 

number of vectors included in each scheme are 955 for (a), 43 for (b), and 475 for (c). 

 

Currently, only sampling schemes with many diffraction vectors have been shown to 

provide accurate measurements [3], [5]. The number and position of diffraction vectors used 

complicate enacting the measurement. Each grid point would require a full measurement over the 

range necessary to produce the peaks used for the calculation, requiring increased motor motion 

and equipment wear. For the full hex schemes, the lack of tilt limit is impractical for reflection 

mode XRD. Reflection mode diffraction results become less useful at high tilt angles, with 

defocusing effects becoming severe past 50° to 70° [4], [11]. Two of the original hex schemes 

(Figures 2.8.a and 2.8.b) do not impose a tilt limit, and therefore assume a transmission 

measurement, such as neutron diffraction. While no such tilt limit exists for transmission 

measurements, the equipment and radiation sources required for transmission measurements of 

materials are less commonly available. Furthermore, the pole figures of a rolled steel are often 

symmetric across quadrants defined by the rolling, transverse, and normal directions. Thus, 

measurement of a single quadrant may provides equivalent coverage over the other three. 
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Imposing a tilt limit and focusing on a single quadrant of the pole figure would reduce the 

needed number of diffraction vectors and amount of equipment usage greatly. 

2.8. Considerations of sample preparation 

The methods described in Section 2.7 for XRD phase measurements and reduction of 

texture effects assume the data collected accurately reflects the properties of the sample. In 

practice, the preparation of the specimen itself must be considered to ensure this assumption 

largely holds true. Proper specimen geometry, surface finish, and consideration of polishing 

procedures are all necessary for the collection of accurate experimental data. 

Reflection mode diffraction measures near the surface of the sample, with most of the 

data collected from within 5 µm for Cu radiation and a steel target (see 0) [11], [28]. The 

sample’s surface must therefore be flat and representative. Mechanical polishing to at least 6 µm 

diamond and subsequent chemical or electro-polishing to produce a flat, near mirror finish 

surface is recommended [3], [13]. A rough surface potentially traps the radiation, blocking data 

collection by the detector. The surface must also be representative of the bulk material. In rolled 

materials, banding is often present, with microstructure features and composition layered through 

the sheet thickness [16], [17]. Compositional segregation is often held over from upstream 

casting processes, where solute enrichment during solidification leads to both micro and macro 

segregation through the slab [16], [17]. The solute segregation is more prevalent for particular 

elements, including austenite stabilizing elements such as Mn [16]. The concentration of 

stabilizing elements can lead to banded layers with higher tendency towards one phase or 

another.  Exposing even a relatively thin layer of grains near the surface may only provide data 

from one to two grain layers. The data may then inaccurately represent a phase-enriched layer 

phase and not reflect the composition of the entire bulk. Therefore, a sample with a through-

thickness view of the sheet may provide a more accurate measurement of the bulk. 

During sample preparation, accumulated damage and stress from the grinding and 

sectioning processes can transform the near-surface austenite, significantly reducing the detected 

phase fraction [13], [14]. Current understanding of the mechanism behind material removal 

during polishing indicates that a deformation layer of around 3 times the abrasive media size is 

typical [29], [30]. However, data from several publications indicates the deformation layer can 

surpass this, with an average damage layer of almost 4 times the abrasive size, and up to many 
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times that value; see 750 for further detail [31], [32]. Consideration of deformation layers is 

therefore necessary to properly measure the phase fraction. Common practice for the removal of 

deformation layers involves the use of chemical attack or electropolishing, as these methods 

produce no stress in the surface and will not produce further damage during material removal 

[13], [14]. Electropolishing based methods can prove problematic for the preparation of 

multiphase materials. Specific phases or phase boundaries are often preferentially attacked, 

which can lead to an uneven surface or a change in phase fraction near the sample surface [4], 

[33]. 

2.9. Shortcomings of Current Practice 

Several shortcomings exist for current guidelines on the calculations necessary to 

perform XRD measurements. The SAE guideline was published in 1980, and uses information 

from even earlier in the development of modern XRD techniques [3]. While the ASTM standard 

has been updated more recently, the procedures require a nearly uniformly textured material for 

accurate phase fraction results, as well as alloying content below 15 wt pct [13]. As discussed in 

Section 2.5, a uniform texture is most certainly not applicable to rolled steels, while the alloying 

effects would require corrections for the theoretical intensity calculation of heavily alloyed 

materials. In the experimental data collected by Dickson, from which the SAE recommendation 

of more than four peaks per phase was taken, at most four austenite peaks were observed [25]. 

Further reflections used in the calculation from which Dickson produced the peak count 

recommendations merely averaged out the other planes with zero values. Presumably, these 

peaks were not observed in the experimental data. The lack of appearance of several peaks in the 

diffraction results is not unusual. As such, the recommendation of utilizing as many as 7 peaks 

per phase is rather misleading and realistically often difficult dependent on the radiation source 

used [25].  

The minimum number of peaks required for accurate phase measurements are not agreed 

upon. The ASTM standard does not provide general recommendation for a number of peaks [13], 

but instead states that 4 peak ratios  is adequate for a uniformly textured sample. Each peak ratio 

is determined by comparing one peak per phase. Thus, 4 ratios would require 2 peaks per phase 

for permutation. The SAE publication on XRD measurement recommends the use of as many 

peaks as possible, particularly for heavily deformed materials [4]. The same guideline suggests a 
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minimum of two peaks per phase for materials with cold deformed surfaces such as bearings or 

gears that have seen significant use [3]. A minimum of four peaks per phase is recommended for 

cold rolled sheets and other materials with large amounts of cold working [3]. The source cited 

for the four-per-phase recommendation instead suggests greater than four peaks per phase [25]. 

However, the source also notes only three peaks per phase are required for materials with similar 

texture to the 93 pct reduction cold-rolled Cr-Ni stainless steel alloys considered in the study, as 

reflected in their experimental results [25]. The number of requisite peaks being defined by 

vague descriptors of the degree of cold work leaves much up to the interpretation of the user. 

Disparate measurement methods and results thus are much more likely to develop. 

The ASTM standard does not sufficiently consider banding effects, deformation layers, 

sampling scheme, or peak choice [13]. Banding effects are often a concern for rolled products 

[16], [17], yet the use of a cross-sectional view or other mitigating factor is not suggested [13]. If 

the polished surface falls on a phase-enriched layer, such as is common for the midline of rolled 

products, the phase fraction may be heavily biased towards a certain phase [17]. The effects of 

near surface deformation are addressed only by recommending the use of electropolishing to 

ensure removal of any damage layer after polishing [13]. Chemical polishing may also be used, 

but may preferentially remove certain phases, which is noted by the standard as a concern when 

using a hot acid etch [13], [33]. No recommendation for a specific peak choice or mention of any 

effects on accuracy as a function of peak choice are made [13]. The standard does not describe 

the use of a sampling scheme with set of specified vectors to improve measurement accuracy 

[13]. While the standard is designed for measurement of steels with near-uniform textures, the 

applicable scope of the method could be expanded by considering such effects. 
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CHAPTER 3: METHODS 

The methodology followed throughout the study is described here. Several hex schemes 

were developed through altering tilt and rotation limits and grid spacings. Simulations using the 

newly developed sampling schemes were conducted for example sheet steels and texture 

component combinations. The simulation accuracy was considered as a function of tilt coverage 

and number of diffraction vectors. The simulations of texture components were used to assess 

the accuracy of resultant phase fractions with variables of both texture components and sampling 

schemes. In order to validate the simulations, samples from a duplex stainless steel were 

prepared and evaluated. Experimental X-ray diffraction scans were then conducted using the ND 

and one of the hex schemes. The data were analyzed, and the phase fractions determined for each 

scheme were compared to the neutron diffraction and simulation data.  

3.1. Simulations of Phase Measurement via XRD 

The simulations were conducted using the same process followed in [5]. The full model 

and workflow are available online [34]. The phase fraction simulations were conducted using 

material data processed and imported using MAUD [35] and MTEX [36]. MTEX, a Matlab 

extension used for texture analysis, was used in the processing of experimental data from the 

neutron diffraction measurements, as well as the production of various calculated texture 

components. The example data were imported to MTEX in the form of .sum files containing a 

list of intensities associated with each tilt and rotation position across the pole figure for the 

ferrite (110), (200), (211), and austenite (200) and (220) reflections. The austenite (111) 

reflection was also included in the .sum files for the TRIP 700, TRIP 780b, and duplex materials, 

and the austenite (311) reflection was included in the TRIP 700 files only. The data were 

recalculated into complete ODFs (Orientation Distribution Functions) using MTEX’s “calcODF” 

command with both half-width and resolution set to 5°. The ODFs were exported in the .maa 

format. 

The calculated texture data was similarly produced in ODF format using the 

“unimodalODF” command, with each texture component and fiber produced for both phases at 

half-widths ranging from 10° to 50° in 5° intervals. The half-widths used in the calculation of 

each texture component represent the strength of a texture. The halfwidth value indicates the 

maximum angle of mis-alignment from a single crystal within a texture component. Therefore, a 

lower half-width value describes strongly textured systems. The textures included in the 
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calculated profiles are defined in Figure 3.1 at a half-width of 20°. The calculated and processed 

texture data was then imported into MAUD, a diffraction analysis software. MAUD was used to 

convert the ODF data into recalculated MUD based pole figures in the XPC file format, 

including for reflections not included in the original dataset, such as the austenite (222) 

reflection.  

The texture datasets were then analyzed using python scripts [34] to simulate diffraction 

measurements using various sampling schemes. The python notebook used the mplstereonet 

library to plot each sampling scheme [37].  

The pole figure normalized intensity 𝐼ℎ𝑘𝑙̂  was calculated over all diffraction vectors of the 

sampling scheme at each hkl reflection using Equation 3.1 [4], [38]. 

 

 𝐼ℎ𝑘𝑙̂ (𝛼, 𝛽) = 𝐼ℎ𝑘𝑙(𝛼, 𝛽)
∑ sin 𝑎𝑖
𝑖
1

∑ 𝐼ℎ𝑘𝑙(𝛼, 𝛽) sin 𝑎𝑖
𝑖
1

 (3.1) 

 

Where the 𝐼ℎ𝑘𝑙 was taken as the M.U.D. value taken at each location on the pole figure (𝛼, 𝛽). 

The α value here is taken as (90-χ), and β is equal to ϕ (Figure 2.4) [11]. However, the pole 

figure normalized intensities only reflected the texture properties of the material, and were not 

indicative of the phase fractions. Thus, an imposed phase fraction,  was selected for each 

simulation as either the neutron value (see Section 1.6) or an arbitrary value of 0.25 vol.  

The pole figure normalized intensities and imposed phase fractions were then used in 

conjunction to produce a calculated phase fraction value, �̂�𝛾, following Equation 3.2.  

 

 Vγ̂ =
𝜉
1
𝑞
∑ 𝐼𝛾

ℎ𝑘𝑙̂𝑞
ℎ𝑘𝑙=1

(1 − ξ)
1
p
∑ Iαhkl

̂p
hkl=1 + ξ

1
q
∑ Iγhkl

̂q
hkl=1

 (3.2) 

 

Equation 3.2 sums the pole figure normalized intensities 𝐼𝑋
ℎ𝑘𝑙̂  for each hkl within a phase X. The 

summed values are then normalized to the number of peaks q and p used for the austenite and 

ferrite phases, respectively.  is then included as a scalar to convert from a texture representative 

value to phase representative. This approach was used in [5] to evaluate the original hex 

schemes. Further detail on the simulations, including the scripts themselves and the texture data 
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used, can be found in [34]. The �̂�𝛾 values were compared to  to determine how effectively a 

sampling scheme corrects for texture. The �̂�𝛾 values were later compared to the measured phase 

fraction 𝑉γ for validation.  

 

 
Figure 3.1: Pole figures of texture components used in the simulations at a single half-width of 

20° for the (200) plane, labeled by phase and component name. The Uniform component was 

also included for both phases but is not shown here. Scale is in MUD.  

  

Two sets hexagonal grid sampling schemes were developed with different coverage of 

the pole figures, using the definition developed by Rizzie [26]. As discussed in Section 2.6, 

defocusing effects limit the pole figure coverage of reflection mode XRD to a maximum tilt 

around 50° to 70° [4], [11]. As reflection mode XRD was selected for this study, sampling 

schemes with different coverage of the pole figure were tested by assuming two separate sample 

geometries in the simulated measurements. Figure 3.2 provides a visual reference for the pole 

figure coverage available to each of the geometries. One set of sampling schemes assumed 

complete coverage of the top right corner of the pole figure (see Subfigure 3.2.a). Such coverage 

is possible even with a 60° tilt limit using the “cube corner” sample construction [39], [40]. The 

second set of sampling schemes assumed no such alteration of the coverage allowed by the 

typical 60° tilt limit (See Subfigure 3.2.b). The coverage was centered around the ND of the pole 
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figure. The two sets of sampling schemes are henceforth referred to as the “full” (Subfigure 

3.2.a) and “partial (Subfigure 3.2.b) hex schemes for convenience. 

Including many gridpoints in a sampling scheme translates to more required scans and re-

orientations of the sample to produce a measurement, both of which are undesirable. To 

determine the minimum number of diffraction vectors necessary to produce an accurate phase 

fraction measurement, both the full and partial sampling schemes were iterated for different grid 

spacings. The grid spacing is a parameter used in the mathematical definition of the scheme [26]. 

Figure 3.3 shows the pole figure representation of the full list of sampling schemes utilized, with 

the number of grid points included. The top row contains the partial pole figures, and the bottom 

row the full pole figures. The spacings used were 5°, 15°, 22.5°, and 30°. Increasing the grid 

spacing reduces the number of measurements. The use of a partial scheme reduces the number of 

measurements even further. The formula used to define each scheme also included a vector at the 

ND, but the ND was cut from the hex schemes used here. 

 

  
(a) (b) 

Figure 3.2: The pole figure coverages offered by the cube corner (a) and tilt normal (b) 

sample geometries are represented as the area inside the green circle. The green circle 

marks the 60° tilt limit of reflection mode XRD. 

 

 For convenience, the hex schemes are referred to by abbreviations from this point 

forward. The abbreviation style is the grid spacing value in degrees followed by the initial of the 

pole figure coverage descriptor. For instance, the 30° partial hex scheme is denoted 30-p, the 5° 

full hex as 5-f, etc. 



26 
 

After defining the various iterations of the hex scheme, each scheme was applied to 

simulations using example material data from four sheet steels to gauge the effectiveness of the 

schemes for typical sheet materials. The materials included two separate TRIP 780 alloys, the 

second of which is henceforth referred to as TRIP 780b, as well as a TRIP 700 and a duplex 

stainless steel alloy. Batch ID and sample numbers for the alloys are listed in 0. Compositions, 

Texture Index (TI) values, and austenite phase fraction content for each material are found in 

Table 3.1. The duplex steel stands out from the others due to both a high alloying content, which 

contributes to a relatively stable austenitic phase, and a high fraction of austenite present. 

 

 
Figure 3.3: The sampling schemes used in the study, represented using pole figures. Each 

gridpoint represents a diffraction vector. Both the grid spacing and number of points in 

each scheme are included. The partial (top), full (bottom), and ND (left) schemes are 

included. 

 

The TI values given in Table 3.1 represent the sharpness of a texture pattern, and were 

derived from the ODF by Equation 3.3 [36]: 

 

 𝑇𝐼 = ∫𝑓(𝑔)2𝑑𝑔 (3.3) 

 

Where TI is the Texture Index and f(g) is the ODF in question, with each value of the 

ODF defined in MUD scale. 
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The texture data and phase fraction values collected from prior neutron diffraction studies  

[6], [7] were used to develop the simulations. The neutron measurements used several hundred 

diffraction vectors arranged in a Matthies hex grid [27] over the entire pole figure. The full, even 

coverage of the pole figure, combined with the use of so many diffraction vectors, suggests that 

any texture-based effects were sufficiently averaged out of the phase fraction results for both 

measurements. The imposed phase fraction used for each material was taken as the neutron 

measured phase fraction listed in Table 3.1. The sampling schemes listed in Figure 3.3 were 

applied to each hkl reflection to determine the pole figure normalized intensity value 

(Equation 3.1), and used in conjunction with the imposed phase fraction to produce a volume 

fraction (Equation 3.2).  

 

Table 3.1: Composition in wt pct (balance Fe), Texture Indices (TI) and austenite (vol frac) of 

Materials Used 

Name C Mn Ni Cr P S Si Mo Cu N α TI γ TI Vγ 

TRIP 

780 
0.16 2.07 0.04 0.1 0.015 <0.005 0.03 0.04 0.02 0.01 2.99 1.67 0.05 

TRIP 

700 
0.23 1.49 0.04 0.02 0.015 <0.005 0.04 0.01 0.02 0.005 1.51 1.41 0.13 

TRIP 

780b 
0.2 1.67 0.02 0.3 0.011 <0.005 0.09 0.02 0.02 - 1.58 1.38 0.15 

Duplex 0.03 4.00 2.92 19.6 0.022 <0.005 0.41 0.07 0.29 - 1.71 1.14 0.53 

 

 Combinations of calculated texture components were used to investigate the robustness 

of the schemes shown in Figure 3.3 for texture profiles beyond the example materials. The 

components were measured using every permutation of the 13 ferrite and 7 austenite texture 

components defined in Figure 3.1 for the full range of half-widths (10° to 50°). A sampling 

scheme was applied to the pole figures for each permutation to produce pole figure normalized 

intensities. The process was identical to the simulations of example sheet steels. The 

permutations of the components from each phase and the varying half-widths lead to a total of 

over 900 texture combinations for the simulated measurements. The imposed phase fraction was 

set at an arbitrary value of 0.25 vol austenite, with the balance 0.75 vol as ferrite. Using a system 

of the individual half-width values to track each two-component combination was inconvenient. 

Therefore, the Average Texture Index (ATI) of each texture combination was calculated as the 

average of the austenite and ferrite TI.  
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Several peak combinations were used in the simulations to compare each peak 

combination’s effect on accuracy. As described in Section 2.6, while the use of additional peaks 

does not necessarily ensure an accurate measurement, peak choice does seem to have a 

noticeable effect on accuracy [6]. Therefore, the simulations used several iterations of peak count 

(how many peaks from each phase were used) and combination (the particular selection of 

peaks). Each are defined in Table 3.2, with the phase, hkl reflection, and 2θ angle (assuming Cu 

radiation) associated with each included. The range of peaks considered for selection was limited 

assuming a Cu radiation source, such that those appearing at 2θ angles above 120° were not 

considered for selection, as these tend to be very low intensity peaks. Duplicate peaks, i.e. those 

representing the same plane at a different index, such as the (111) and (222), were avoided. Peak 

selection was limited to avoid the (110) α and (111) γ peak due to overlap caused by the narrow 

2θ range the two appear in. The “Pairs” listed in the combination name refer to a group of one 

peak from each phase per pair, thus 2 Pairs A contains two peaks from each phase. 

 

Table 3.2: Peak combinations used in each sampling scheme 

Combination γ (200) α (200) γ (220) α (211) γ (311) γ (222) α (220) 

2θ  50° 65° 75° 82° 90° 96° 99° 

3F-4A ✔ ✔ ✔ ✔ ✔ ✔ ✔ 

3 Pairs A ✔ ✔ ✔ ✔ ✔   ✔ 

3 Pairs B ✔ ✔ ✔ ✔   ✔ ✔ 

2 Pairs A ✔ ✔ ✔ ✔      

2 Pairs B ✔ ✔   ✔ ✔    

2 Pairs C ✔ ✔   ✔   ✔   

 

3.2. Sample Preparation 

After determining the effectiveness of the schemes through simulation, samples were 

produced to be used for experimental validation. Duplex steel specimens were sectioned from the 

sheet. The specimens were cut along a diagonal to produce a through thickness view. Mounts 

were machined to hold the specimens at a specific angle. The specimens were attached to the 

mounts and polished using autopolishers and vibratory polishing. Material removal was tracked 

during the polishing process. 
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Pieces were taken from the same batch of duplex stainless steel as was used for the prior 

neutron diffraction study [7]. Of the four example materials, duplex contained the largest amount 

of austenite at 0.53 vol (Table 3.1). The absolute error in measured phase fraction caused by 

texture bias was thus hypothesized to be larger. Furthermore, the austenitic phase in the heavily 

alloyed duplex material was more stable than the TRIP materials, reducing concerns of near 

surface transformation during polishing. Other characteristics of note for the duplex material 

include the collection of grains into phase-separated colonies (see 0 for further detail). The 

colonies largely form bands that align with the rolling direction. The grains have a high aspect 

ratio, and are elongated in the rolling direction. There is no evidence suggesting the presence of 

significant amounts of carbides that could produce peaks separate from those associated with the 

ferrite and austenite phases, which would potentially obfuscate integrated intensity calculation 

[3]. 

Figure 3.4 includes a schematic of the specimen geometry, which was designed to reduce 

the effects of grain counts and through-thickness variation. A 20 mm by 20 mm square specimen 

size was chosen to reduce statistical error by increasing the number of illuminated grains. Further 

detail on the statistical consideration of grain counts may be found in 0. The geometry was 

designed to provide a through-thickness view, to ensure the measured phase fraction was 

representative of the bulk. Due to the shallow angle used, the surface area was far greater per 

volume of material removed from the sheet than if a ND-TD or ND-RD cross section was 

considered instead. The 2.6° angle selected provides a view from the midline of the sheet to the 

surface, and thus assumes the sheet microstructure is symmetrical from the midline. Rolled steels 

often possess both through thickness variation and midline symmetry due to a combination of the 

rolling process and composition segregation [16], [17]. The angled view ensured any phase 

segregation would be captured during the measurement, and properly reflected in the results.  

 Rectangular blanks were initially waterjet cut from the sheet before being deburred using 

wet grinding via SiC abrasive papers. The pieces were then sent for wire electrical discharge 

machining (EDM) to cut the samples through the cross section. The samples remained attached 

to small tabs of excess material, used to hold the piece in place during the EDM sectioning, as 

well as mark the rolling direction for later orientation. The samples were removed from the tabs 

via sectioning with a LECO resin-bonded abrasive saw blade. The sample orientation was 
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retained via markings made using permanent marker as well as the angle produced via EDM 

sectioning. The through-thickness, angled direction across the surface was slightly offset from 

the TD axis. 

Bakelite mounts were then prepared to hold the EDM sectioned samples. The samples 

were mounted using superglue to already prepared Bakelite pucks to ensure curing temperatures 

could not provide sufficient energy to allow significant microstructure change. The Bakelite 

pucks were machined to match the sample angle. The pucks were then faced via a lathe on the 

opposite face from the surface that would hold the sample. The lathed face was then parallel with 

the sample surface once it was attached to the puck. Parallel faces helped to ensure the sample 

would not bevel during polishing and worked to preserve the precise angle needed for a through-

thickness view. 

 

 

Figure 3.4: Diagram of specimen geometry. The left image shown the TD-ND cross-sectional 

view of the EDM-cut samples. The right image shows the RD-TD plane. The RD-TD-ND 

directional axes are indicated for each view. 

 

Mechanical polishing was conducted using LECO GPX300 and PX500 auto polishers, 

followed by vibratory polishing. The PX500 direct driven system was used preferentially at the 

recommendation of a LECO technician [41]. Use of the direct driven system was based upon the 

understanding that it produced a flatter polishing surface than the GPX300 belt driven system 

[41]. Between each 10 minute to 15 minute polishing session, the samples were cleaned using 
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SoftSoap, cold water, and cotton balls, then rinsed with isopropyl alcohol. The samples were 

dried using an air-dryer set to low heat. After each cleaning, the sample surfaces were checked 

for large scratches and imperfections indicative of contamination of the polishing cloth. If 

detected, the cloth was replaced with a fresh one and the media step repeated until the scratches 

were fully removed, regardless of the depth of material removal.  

The polishing steps were performed with parameters designed to remove any damage 

layers induced. These were carefully noted to allow more accurate replication of the procedures, 

and are found in greater detail in 0. In short, the recast layer produced by the EDM process was 

removed using silicon carbide papers of 600, 800, and 1200 ANSI grit, and followed by diamond 

media polishing at 6, 3, and 1 µm. A deformation layer of 10 times the previous media size was 

assumed and removed before transitioning to the next polishing step. The final step consisted of 

a colloidal silica vibratory polish of 15 hours, for which no deformation layer was assumed. Low 

mechanical loads were used throughout to avoid adding stress to the sample. 

Several of the prepared samples did not result in a satisfactory surface after polishing. 

Most of the samples had excessively worn away at the thinnest edge, providing a smaller surface 

area. Furthermore, the through-thickness view was compromised by the excessive removal. The 

remaining sample’s nominal dimensions were 17.4 x 20 mm, though some rounding of the 

corners had occurred. While smaller than the ASTM surface area recommendation of 1” 

(25.4 mm) square, the surface area was deemed sufficient for this study. This sample, designated 

as duplex 10b, retained the midline-to-surface geometry for a through thickness measurement, 

and was used in the experimental measurement. The batch and sample ID for the specimen are 

also provided in 0. An image of the specimen after polishing is provided in Figure 3.5.a. A 

diagram of the remaining sample geometry is provided in Figure 3.5.b with nominal sample 

dimensions labeled.  

After polishing was complete, the sample was removed from the Bakelite mount. The 

sample was immersed in an ultrasonic bath of acetone to dissolve the superglue adhesive. For the 

measurement the sample was attached to a zero-background plate of monocrystalline silicon 

using double sided tape. Such plates are designed to avoid crystal alignment with the diffraction 

vector such that no diffracted signal is produced. Thus, any beam spillover did not result in 

contamination of the data by mounting material or the sample stage. However, due to the tapered 
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specimen geometry, the surface was no longer parallel to the sample stage. The sample stage was 

set to a 2.6° offset to match the specimen geometry to accommodate the taper and emulate a flat 

surface. The offset was accounted for in later stage alignment. 

3.3. XRD Measurement 

Experimental XRD measurements were performed to validate the simulation model and 

effectiveness of the hex scheme. The measurements were performed using identical parameters 

for the ND and hex schemes, aside from the diffraction vectors used. The summed hex and ND 

datasets were then analyzed to produce phase fractions, which were compared to the neutron 

diffraction and simulation data. The normalized intensities of each peak were compared for the 

summed hex and ND results to check for the presence of further errors. 

The experimental measurement used the 30-p and the normal direction schemes. The 

normal direction provided a control as the most typically performed XRD measurement for sheet 

materials. The 30-p scheme contained only four diffraction vectors, and was thus simplest to 

implement into practice. More importantly, the 30-p scheme also provided the most extreme test 

case of the minimal gridpoints hypothesis among the schemes considered, only requiring three 

more measurements than the typical ND scheme. 

The measurements were conducted using a copper radiation source on a Panalytical 

Empyrean XRD1. The Empyrean device is capable of tilting, rotating, and oscillating the sample 

stage to positions specified in a programmable batch function, providing a means to easily repeat 

the procedures. The Empyrean was equipped with a copper source tube. Copper radiation 

produces a large amount of fluorescence when measuring most steel samples due to the high 

content of iron. Though the fluorescence causes high background radiation, trial scans were 

conducted to determine a dwell time that produced a sufficient signal-to-noise ratio. A net scan 

speed of 0.03 °-s-1 was used to allow proper resolution of the peaks. Due to said concerns over 

signal to noise ratios, a Kβ filter was not used, leading to secondary minor peaks separate from 

the primary Kα peaks in the diffracted results. Soller slits were used to collimate the beam, as a 

means of reducing peak broadening. The high absorption of copper radiation by steel also lead to 

 
1 While a specific device is called out in the procedures of the study, this is done purely to describe the methods used 

in a more complete manner, and not as an endorsement of the company or its products by the authors and the 

organizations associated with them. 
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low penetration depths, limiting the measured depth to 3 µm to 5 µm below the sample surface, 

dependent on the peak considered (See 0). 

 

(a) 

 

(b) 

 

Figure 3.5: Image of the tilt-normal specimen mounted and polished (a). Also included is a 

diagram of the final specimen’s geometry after polishing (b). The left diagram shows the TD-

ND cross-sectional view of the EDM-cut sample post polish. The right diagram shows the 

RD-TD plane. The RD-TD-ND directional axes are indicated for each view in the diagram 

(b). 

 

Several steps were taken to align the sample stage. The stage position was first aligned 

using “glancing” scans to detect an intensity shelf or peak. By moving the sample stage vertically 

in Z, a sharp intensity drop (or shelf) indicated the sample had entered the incident beam path. A 

peak maximum marked the proper alignment of the sample stage in omega, chi, and goniometer 

position. Alignment was first checked in the Z direction, after which the stage was repositioned 

to bisect the intensity shelf. The Z alignment was then refined until the position was constant 
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within a 0.5 mm scanning range. The alignment was then adjusted for the omega orientation of 

the stage, with the position adjusted to the peak maximum instead. The omega alignment step 

was iterated again until the peak position was steady. The chi and goniometer alignments were 

similarly adjusted in order. Fine-pass alignments were then performed for the Z and omega 

positions until the shelf midline and peak maximum remained constant between alignment 

attempts. The X and Y positions of the sample stage were aligned using an optic installed in the 

device and focused on the center of the incident beam area.  

The measurement and instrument parameters were recorded for reproduction. The 

measurements were conducted over a 2θ range of 30° to 120°, but the data was later truncated to 

exclude up to 43° due to overlap of the α (110) and γ (111) peaks. On the incident beam optics, a 

0.5° divergence and 2° anti-scatter slit were used alongside 0.04 radian soller slits. The incident 

beam radius from the anti-scatter slit the sample was 179.5 mm. A 10 mm mask was used to 

provide a large diffracted area. For the diffracted beam optics, a 2D solid-state detector was used 

with a anti-scatter slit of 17.8 mm to provide a large window of accepted radiation to improve the 

number of participating grains. The diffracted beam optics also included a 0.04 radian soller slit. 

A ±5 mm oscillation was applied along the transverse axis of the sample to capture more of the 

"through thickness" cross section of the sheet. Figure 3.6 describes the area illuminated by each 

diffraction vector used 30-p hex scheme. Due to oscillation being limited to only the transverse 

direction of the sample by the stage construction, the illuminated area varied between 

measurements, with greater overlap near the center of the sample. 

The raw data was collected from each measurement and fitted. The results of each 

measurement included in the hex scheme were summed to provide a greater signal to noise ratio 

and reduce analysis to a single dataset. The background and peaks were fit for both datasets 

using GSAS-II [42]. The background fitting consisted of an 11th order Chebyschev function with 

several manually fixed background points. Diffraction peaks were selected manually and fit 

individually using the “Peak Fitting” function of the software. The peak position, intensity, then 

sigma were fit individually in order. All three were then fit three together. The background 

values were then removed. The fit values were then exported for further analysis.  

The fitted diffraction results were used to calculate a phase fraction using a normalized 

intensity approach. A spreadsheet, previously designed for the purpose of determining austenite 
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fractions using XRD data and used in analysis amongst several members of the Advanced Steel 

Products & Processing Research Center (ASPPRC) performed much of the analysis [43]. The 

analysis utilized Equation 2.3 to determine the austenite phase fraction from the intensity-2θ 

values. The integrated intensity of each peak was determined for the hex and ND datasets 

through summation over the range in which each peak appeared. Each peak range was manually 

selected from the fitted data.  

Some adjustments of the theoretical intensity calculation were necessary to properly 

reflect the properties of the duplex steel and to include certain peaks. The theoretical intensity of 

each peak was calculated by the spreadsheet using atomic scattering factors taken from [11]. The 

theoretical intensities were calculated accounting for both the radiation source and the alloying 

composition of the duplex material. The temperature factor was adjusted for the high chromium 

content present in the steel following empirically measured values [44] using linear interpolation. 

The structure and temperature factors were calculated for the γ (222) peak not included in the 

original worksheet. Further detail on the theoretical intensity adjustment is included in 0. From 

the integrated and theoretical intensities, a normalized intensity was calculated.  

The normalized intensities produced by each sampling scheme were then used for error 

characterization and calculation of phase fraction and uncertainty. The normalized intensities 

were compared to the average normalized intensity for each phase. For any diffraction 

measurement, the measured intensity is ideally a set multiple of the theoretical intensity for all 

peaks within a phase. As such, the normalized intensity within a phase ideally does not vary for a 

single measurement. Variation of the normalized intensity within a phase therefore serve as an 

indication of uncertainty. By comparing the normalized intensities to the averages of each phase, 

any error reduction provided by the hex schemes becomes visible on a peak-by-peak basis. The 

austenite phase fraction was then calculated for each peak combination according to 

Equation 2.3. Uncertainties were calculated for each phase fraction using the normalized 

intensity variation according to the formula found in [6]. The austenite fraction and uncertainty 

were compared to simulation results for each peak combination in Table 3.2, as well as the 

neutron values in Table 3.1. 
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Figure 3.6: Illuminated surface area of the sample based upon each diffraction vector. The gray 

background indicates the full sample surface area after polishing. The internal gray rectangles 

indicate the illuminated area without oscillation. Relevant sample orientation directions (RD, 

TD, and ND) are labeled. The diffraction vectors are described through the Chi-tilt and Phi-

rotation for each case. Each illuminated area was calculated assuming a 48° 2θ value to 

represent the lowest angle peak used in the calculations. At higher angles the illuminated area 

would be smaller along the short axis of the internal rectangle.  
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CHAPTER 4: RESULTS 

The results of the simulations and XRD measurements follow. The results of the example 

material simulations are presented first to test for accuracy improvement of retained austenite 

volume fraction measurements via hex schemes. Texture combination simulation results are 

shown next, testing the robustness of each sampling scheme against various strengths and forms 

of textures. Experimental measurements of retained austenite are then shown to provide a 

comparison between the data collected by selected schemes. The measured phase fractions are 

finally shown and compared to the simulations. 

4.1. Simulations 

Simulations of example materials with variable sampling schemes are presented in 

Figure 4.1. Austenite phase fractions were predicted based on sampling scheme, example 

material textures, and neutron phase fractions. The phase fractions determined experimentally by 

neutron diffraction for each material are shown as the solid horizontal bar. Dashed horizontal 

lines are included to represent the uncertainty found via those same neutron measurements. 

Each hex scheme was effective in reducing texture effects on the simulated phase 

fraction, such that the hex values were almost exactly the neutron phase fraction for the material 

in all but the case of TRIP 780 (Subfigure 4.1.b). While the 22.5° and 30° hex scheme results 

were less accurate for TRIP 780, the predicted values fell within the uncertainty range. 

Furthermore, the magnitude of the absolute error of the simulated phase fractions are low due to 

the low austenite fraction present in the TRIP 780 material (Table 3.1). Both the partial and full 

hex schemes produced austenite values within the uncertainty range of the neutron diffraction 

value, even up to 30° grid spacings where the fewest diffraction vectors were used. 

The ND values were less accurate than the hex results. The ND phase fractions were 

systematically less than the neutron values. All but the TRIP 700 simulation (Subfigure 4.1.c) 

predicted a ND value outside the uncertainty boundaries of the neutron measurement.  
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(a) (b) 

  
(c) (d) 

Figure 4.1: Results of the simulations using the example material data for the ND and 

hex schemes. The peak combination is the 3F-4A from Table 3.2, and includes the γ 

(200), (220), (311), and (222) peaks; as well as the α (200), (211), and (220) peaks. 

 

Figure 4.2 presents the simulation results of the duplex alloy for the 30-p and ND 

schemes. Simulation results are shown for each peak combination in Table 3.2. The phase 
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fractions predicted by the 30-p provided accurate values for all peak combinations with only 

slight variation. The ND simulations all predicted low phase fractions, and large differences were 

present between each peak combination. Peak combinations with the same number of peaks also 

exhibited variation, though a general trend indicates higher accuracy for combinations with more 

peaks. The exception to this trend is the 3F-4A combination, which, despite containing more 

peaks than the 3 Pairs A set exhibits larger error. The 3 Pairs A combination therefore presents 

the most accurate combination ND measurement of those peaks considered for an ND 

measurement of the duplex material. 

 

 
Figure 4.2: Results for the 30-p and ND simulations of the duplex alloy for each peak 

combination. Both the ND and hex results are shown. The imposed phase fraction is indicated 

by the solid horizontal line, while the dashed lines are the uncertainty of the neutron measured 

value. Each measured value includes uncertainties presented as error bars.  

 

 Figures 4.3 and 4.4 present the phase fraction values predicted for an imposed phase 

fraction of 0.25 vol. The scatter plots were limited to an ATI of 5, as textures higher than this 
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value were very strongly oriented and unlikely to be present in most rolled materials. The 

example materials, for instance, included an TI of at most 2.99 for the ferrite phase of TRIP 780 

(See Table 3.1). The predicted values for each calculated texture combination are compared to 

the average texture index (ATI) of the combination. The imposed phase fraction of 0.25 vol is 

bound by dashed lines representing ± 5 pct error limits. Figure 4.3 includes the full hex schemes 

and ND results. Figure 4.4 consists of the partial hex and ND results. Each are presented for the 

3F-4A peak combination. Pole figures depicting the schemes used are inset in each subfigure. 

Below each plot are the subfigure labels, e.g., Subfigure 4.3.a represents the 5-f scheme results.  

As the ATI value increases, the phase fraction scatter increases. The scatter generally 

increased with larger grid spacings (compare Subfigures 4.3.a and 4.3.b). However, in some 

cases the scatter is comparable despite a change in gridspacing (Subfigures 4.3.c and4.3.d). The 

full hex scheme results overall had far less scatter than the ND result (Subfigure 4.3.e).  

 Figure 4.4 demonstrates similar trends in the partial hex scheme results. Scatter generally 

increased with larger grid spacings (Subfigures 4.4.c and 4.4.d). Subfigures 4.4.a and 4.4.b  

demonstrate minimal change in scatter despite the grid spacing change. As with the full hex 

schemes, the partial hex results were more accurate than the ND result (Subfigure 4.4.e).  

Comparing the partial and full hex results, the full hex scheme reduced scatter when 

compared to partial scheme of equivalent grid spacing. The most extreme example may be seen 

from the 30-f (Subfigure 4.3.d) and 30-p results (Subfigure 4.4.d). The 30-p results range in RA 

fraction from around 0.20 to 0.32 for ATIs up to 5. The 30-f results instead range from around 

0.23 to 0.26.  

Figures 4.5 and 4.6 presents the phase fractions simulations for an imposed phase fraction 

of 0.25 as heatmaps with the texture components of each phase as an axis. The x-axis of the 

matrix shows the ferrite texture components, and the y-axis shows the austenite components. The 

heatmaps shown represent simulations using texture components with half-widths of 20° and the 

3F-4A peak combination. The scale used is austenite volume fraction, units vol. The included 

heatmaps are for the 30-p (Figure 4.5) and ND (Figure 4.6) schemes. Other heatmaps were 

produced, but demonstrated only small variation from the imposed phase fraction (see 0). 
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(a) (b) 

  

(c) (d) 

 

(e) 

Figure 4.3: Results of the calculated texture component simulations using full hex schemes, 

with phase fraction plotted as a function of the ATI of the texture combination. The 5-f hex 

scheme result is included in Subfigure(a), 15-f in (b), 22.5-f in (c), and 30-f in (d). The results 

from the ND scheme are included as subfigure (e). 
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(a) (b) 

  
(c) (d) 

 
(e) 

Figure 4.4: Results of the calculated texture component simulations using partial hex schemes, 

with phase fraction plotted as a function of the ATI of the texture combination. The 5-p hex 

scheme result is included in Subfigure(a), 15-p in (b), 22.5-p in (c), and 30-p in (d). The results 

from the ND scheme are included as subfigure (e). 
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The 30-p simulated phase fractions found in Figure 4.5 diverge from the imposed 0.25 

vol austenite more prevalently for several texture components. Combinations containing the 

austenite Cube component lead to underestimates of the austenite content, down to 0.22 vol. The 

Shear, o554, and α1 components of the ferrite phase instead were associated with overestimates 

of the austenite fraction. The Shear component combinations exhibited the largest error, with 

values up to 0.28 vol. Particular combinations including these components did result in accurate 

phase fractions, such as the γ Cube-α Shear combination, with a value just above 0.25 vol. 

 

Heatmap of 30-p simulation results for components with a half-width of 20° 

 
Figure 4.5: Heatmap consisting of the simulation results of all texture combinations 

of 20° half-width for the 30-p scheme. 

 

The ND simulated phase fractions found in Figure 4.6 diverge more strongly than the hex 

schemes from the imposed phase fraction. The austenite Cube, ferrite Shear, α1, and complete α 

fiber components also produce larger error ranges in the ND results. When compared to the hex 

results, however, the ND simulations present an inverse trend in the error direction associated 

with each component. The austenite Cube combinations instead lead to overestimates of the 

austenite phase fractions, from 0.28 to 0.45 vol. The ferrite Shear, α1, and complete α fiber 

components lead to underestimates of the austenite fraction, with values as low as 0.14 vol for 

the Shear component. 
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Heatmap of ND simulation results for components with a half-width of 20° 

 
Figure 4.6: Heatmap consisting of the simulation results of all texture combinations 

of 20° half-width for the ND scheme. 

 

Example material simulations support the hex schemes’ ability to provide accurate 

measurements of sheet steels. The simulations focused on peak choice demonstrate that generally 

more peaks increased accuracy, as the tacit assumption discussed in the background would 

suggest. Conversely, the accuracy variation was dependent on specific combination as well.  

Simulations using all texture combinations indicated the strength and form of texture 

each scheme can accurately measure. The full hex schemes were capable of accurately 

measuring materials with very sharp textures. The heatmaps marked certain texture components 

as problematic for each sampling scheme. Several components, including the γ Cube, were found 

to induce higher error.  

4.2. XRD Measurement 

The XRD results are presented in Figure 4.7 as background-removed intensity profiles. 

The reflection and phase associated with each peak are labeled. The peaks produced by the ND 

measurement are sharp, with high signal to noise ratios. The summed hex results produced broad 

peaks, several of which had comparatively low maxima. As mentioned in Chapter 3, the Kβ 
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secondary peaks are present for each reflection, though these are not visible for most of the hex 

peaks due to the broadening. 

 

 
Figure 4.7: Results of the hex and ND XRD measurements of duplex stainless 

steel. Both datasets are shown from the range of 47° to 105° along the x-axis, 

with the diffracted intensity in counts displayed along the y-axis. The data is 

shown with the background subtracted. 

 

The relative maxima of each peak changed between the two schemes. For instance, the 

α (200) peak had the highest maximum in the data range for the ND measurement. In the hex 

results the highest maxima was held by the γ (200) peak. The γ (200) peak had a lower maximum 

than the α (211) peak in the ND results, while the opposite was true for the hex results.  

4.3. Data Analysis & Phase Fractions 

The theoretical normalized intensities 𝐼𝑋
ℎ𝑘𝑙̅̅ ̅̅ ̅ of each peak, displayed as multiples of the 

average normalized intensity of all peaks used in the 3 Pairs A combination, are plotted as the y-

axis of Figure 4.8. The plot is divided into two sections, the leftmost representing the hex scheme 

results, and the rightmost representing the ND results. Each of the normalized intensities are 

shown as a function of the 2θ angle where the associated peak appeared. The symbol color 

designates the phase associated with each peak.  The two scheme results share a y-axis for direct 

comparison. For any diffraction measurement, the normalized intensity values should be the 

same within a phase. For instance, ideally the blue markers in the hex measurement would all be 
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on the dashed line representing the average normalized intensity of all austenite peaks (again, as 

a multiple of the average normalized intensity of all peaks shown).  

 

 
Figure 4.8: The normalized intensity values of both the hex and ND results labeled by peak 

and phase. The 2θ position of each peak is recorded along the x-axis. The normalized intensity 

values are presented as multiples of the average normalized intensity for all peaks measured by 

the scheme.  The average normalized intensities for each phase are also included. 

 

While variation was present in the normalized intensities of both phases, the variance was 

far greater in the ND results. The normalized intensities from the hex results remained in a 

narrower range of the average for their respective phase. The normalized intensity variation 

drives the uncertainty calculation for each experimental phase fraction, and as such larger 

variation results in larger uncertainty values.  
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The XRD measured phase fractions calculated using each peak combination for the hex 

and ND results are presented in Figure 4.9. The hex phase fractions ranged from 0.54 vol to 0.60 

vol RA. The ND phase fractions ranged from 0.43 vol to 0.22 vol RA. The phase fraction values 

varied per peak combination for both schemes. As can be seen from the increased range of 

values, the peak combination affected the phase fraction more for the ND scheme. The relative 

error decreased with the implementation of the hex scheme, from -59 pct for the ND to +13 pct 

for the hex scheme, both for the highest error 2 Peaks C combination. The uncertainty range of 

the of the ND measurements is also much larger than the hex measurements for several 

combinations. The uncertainty decrease in the hex measurements is representative of the 

decreased variation in the normalized intensities.  

The simulation results are also presented alongside the XRD measured values for each 

peak combination in Figure 4.9. Both schemes’ results showed strong correlation with the 

simulation values. The differences were present between the simulation and experiment results 

were smaller for combinations with 3 or more peaks per phase. The differences followed a trend 

where the magnitude was similar between the ND and hex schemes for individual peak 

combinations.  
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Figure 4.9: Phase fractions calculated from the XRD results compared to the simulations for 

each peak combination. Both the ND and hex results are shown. The imposed phase fraction 

for the duplex alloy (taken as the neutron measured value [7]) is indicated by the solid 

horizontal line, while the dashed lines are the uncertainty of the neutron measured value. Each 

measured value includes uncertainties presented as error bars.  
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CHAPTER 5: DISCUSSION 

5.1. Objectives and Research Questions 

The goal of producing an accurate phase fraction measurement method using XRD was 

largely achieved through the application of hex sampling schemes. The relative error range of the 

ND phase fractions was -59 pct to -19 pct for the various peak combinations. The hex scheme 

reduced the range of relative errors to +2 pct to +13 pct. The successful measurement only 

required the application of four diffraction vectors for the 30-p scheme. The experimental results 

of the 30-p scheme fell within the uncertainty range of the neutron measurement for half of the 

peak combinations considered. The hex schemes provide an improvement in accuracy over the 

ND measurements.  

For the hex schemes, the number of diffraction vectors that resulted in an accurate phase 

fraction measurement was reduced from several hundred to 4, addressing [RQ1] (Figures 4.1, 

4.2, and 4.9). Even coverage of the pole figure is likely of greater importance than a high number 

of diffraction vectors, as suggested by the results of the 2018 simulation study [5] as well as 

neutron diffraction measurements [6]. The tilt and rotation simulations oversampled the ND, and 

had greater bias errors than the hex schemes [5]. The example hex simulations similarly 

indicated that the number of diffraction vectors had a minimal effect on accuracy (Figure 4.1). 

The Rizzie hex schemes [26] used in Creuziger’s simulations [5] and here are designed to cover 

the pole figure in an evenly spaced manner, with the gridspacing adjusting the number of 

vectors. Therefore, the 30° hex schemes still provide relatively even coverage, despite the higher 

distance between each vector. The XRD results also demonstrate the 4 diffraction vector scheme 

reduced error over the equivalent ND measurement for all peak combinations (Figure 4.9). A 

single vector scheme does not have even coverage of the pole figure. The ND scheme in 

particular is located at an orientation with a high degree of variability in the texture. Thus, poorer 

accuracy is expected of the single vector ND scheme. 

Simulations of example materials (Figure 4.1) also indicate accuracy improvement over 

the ND using the 4 vector hex scheme [RQ1]. The hex simulations of example materials with the 

highest relative error (TRIP 780) still fell within the uncertainty ranges provided by the neutron 

diffraction measurements (Figure 4.1.b). The consistency with which the 30-p scheme improved 
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accuracy for the simulations of example materials may be due to the relatively similar texture 

profiles of sheet steels. 

The texture combination simulations demonstrate that for smaller half-widths, the hex 

schemes are still capable of reducing scatter compared to the ND. The four diffraction vector 

30-p scheme reduced scatter over the ND (Subfigures 4.4.d and 4.4.e). When considering the 

texture combinations at a half-width of 20°, the 30-p austenite fractions remained within a range 

of 0.22 vol to 0.28 vol (Figure 4.5). The combination simulations also include combinations with 

stronger textures than seen in the sheet steels. For stronger textures, the 30-p scheme becomes 

less accurate, but still offers an improvement over the ND (Subfigures 4.4.d and 4.4.e).  

[RQ2] hypothesized that it was not necessary to measure the entire pole figure for sheet 

steels, which was supported by the experimental and example material simulation. The 

experimental 30-p results indicate a hex scheme with a 60° tilt limit was sufficient to bring 

relative error to within a range of +2 pct to +13 pct (Figure 4.9). Beneficially, partial schemes do 

not require a complicated sample geometry to manipulate the reachable pole figure coverage. 

The simulations of example sheet steels also indicate measurement of the entire pole figure was 

not necessary [RQ2]. Simulations for example sheet steels determined phase fractions near the 

neutron measured values for the tilt-limited partial hex schemes of all grid spacings (Figure 4.1). 

These sheet steels possessed varied phase fractions, alloying content, and texture profiles 

(Table 3.1, Figure 3.3). The partial schemes may then be sufficient to accurately measure other 

sheet steels. Therefore, the results demonstrate accuracy comparable to neutron diffraction 

measurements can be achieved without measuring the entire pole figure. 

While the texture combination simulations are more scattered when the entire pole figure 

is not measured, the partial schemes are conditionally capable of accurate measurements. The 

scatter as a function of the ATI is reduced in the full hex scheme results compared to the partial 

hex results (Figures 4.3 and 4.4). However, the 5-p and 15-p results were largely within the ±5 

pct error limit (Subfigures 4.4.a and 4.4.b), indicating an accurate measurement is reasonable 

with a partial scheme up to an ATI of 5. The higher gridspacing 30-p and 22.5-p scheme results 

(Subfigures 4.4.c and 4.4.d) demonstrated greater scatter and did not remain within the ±5 pct 

error limit. However, many of the combinations included in the simulations were both atypical 

for sheet steels and very sharply textured. As mentioned previously, the 30-p heatmap (Figure 
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4.5) indicates several texture components strongly influence the error range (such as the ferrite 

Shear and austenite Cube). Figure 4.5 demonstrates that for texture components with a 20° half-

width, the 30-p scheme brings the relative error range to ±12 pct. While larger than the ±5 pct 

error limit, several of the 20° half-width components are sharper than the textures exhibited by 

the example materials (Figures 2.6 and 2.7). For milder textures, the 30-p scheme error range 

would likely shrink, which is backed up by the simulations of example materials (Figure 4.1). 

The results indicate that materials strongly presenting certain components, or very sharp textures 

overall, may require the use of a full scheme. However, for the range of properties exhibited by 

the example sheet steels, partial schemes seemed sufficient. 

 The agreement of the simulations and experimental results determined that the texture 

bias model accurately predicts experimental results, answering [RQ3]. Both ND and hex 

measurements closely follow the simulation results (Figure 4.9). Small differences between the 

simulations and experimental values are present, but decrease for the 3 Pairs peak combinations, 

where the calculation is more representative. The effectiveness of the model validates its use as a 

vetting tool for development of sampling schemes. Furthermore, if the texture bias model, which 

has thus far been validated for duplex (Figure 4.9), is generally accurate, then the example 

material (Figure 4.1) and texture combination simulations are valid (Figures 4.4 and 4.5). The 

results support the hex scheme as a means of improving measurement accuracy for a variety of 

textured materials.  

5.2. Scheme Applications and Effectiveness in Reducing Bias Errors 

The hex schemes were shown to be effective in reducing bias error for measurements of 

duplex steel and may be capable of producing accurate measurements for other sheet steels. Of 

the example materials, duplex contained relatively sharp texture (ATI of 1.4) and the highest 

austenite phase fraction (Table 3.1). Therefore, the largest absolute differences between texture-

effected and actual phase fractions were expected for the duplex material. The texture 

combination scatter plots (Figures 4.3 and 4.4) and heatmaps (Figures 4.5 and 4.6) also indicate 

higher accuracy with hex measurements over ND measurements. At ATI’s below 1.35, the 30-p 

results remain within the ±5 pct error limits (Subfigure 4.4.d). Simulations of the other example 

materials demonstrated hex schemes were similarly effective in reducing bias error compared to 

the ND (Figure 4.1). For the ND scheme the measured phase fractions indeed were less than the 
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imposed value, but the hex results were largely accurate (Figure 4.9). As the duplex experimental 

results for both the ND and hex schemes closely matched the simulations (Figure 4.9), it is likely 

similar error reductions would occur with experimental measurement of the other example 

materials. The example materials cover rolled steels of dissimilar alloying (Table 3.1), which 

would affect texture development during processing [20], [23]. However, the alloys exhibited 

similar texture patterns. These textures consisted of expected components and fibers for rolled 

FCC and BCC crystal systems (Figures 2.6 and 2.7) [4], [20]. Therefore, the hex scheme is 

possibly effective for similarly processed materials, i.e. rolled sheet steels [18]. 

Despite the bias error reduction offered by the 30° partial scheme, a scheme sufficient for 

nearly any conceivable strength and form of texture may be desirable. For very sharp or 

dissimilar texture profiles, more complete coverage of the pole figure reduced scatter 

(Subfigure 4.3.a). Within the texture combination simulations, the 5° hex grids reduce texture 

effects greatly (Figures 4.3 and 4.4). The 5-f scheme simulation results are very accurate, with 

little deviation from the imposed phase fraction for all combinations (Subfigure 4.3.a). In fact, 

though not shown in the range of Subfigure 4.3.a, the predicted phase fractions for the 5-f 

scheme never fell outside of the ±5 pct of ξ error limit for texture combinations up to an ATI of 

10. The 5-p scheme results were not nearly so accurate, but very few predicted values fell outside 

the error limit up to 5 ATI (Subfigure 4.4.a). Therefore, in situations where highly accurate 

measurements are required and the number of measurements necessary is not a concern, the two 

schemes may be used as a “ground truth” measurement for nearly all textured cubic crystal 

materials. 

The sampling schemes were shown to reduce texture bias error more effectively with 

more even coverage of the pole figure. The increased accuracy with higher tilt limits and finer 

gridspacings is readily demonstrated by the texture combination simulations (Figures 4.3 and 

4.4). As an example, comparing Subfigures 4.3.a and 4.4.a, the full tilt 5-f results were more 

accurate than the partial tilt 5-p. Similarly, comparing Subfigures 4.3.a and 4.3.c, the finer 5-f 

hex scheme resulted in higher accuracy over the 22.5-f. A similar accuracy effect of gridspacing 

can be observed in the example material simulations for TRIP 780 (Subfigure 4.1.b). 

Improvements in pole figure coverage either through decreasing the grid spacing or by removing 

the tilt limit directly correlated to improvements in measurement accuracy. As the sampling 
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scheme without even coverage of the pole figure, the ND simulations appropriately exhibit the 

most extreme scatter (Subfigure 4.3.e). The association of the ND direction with sharp textures 

developed during rolling further reduces the accuracy of the ND scheme. 

The results demonstrate that limiting scheme coverage to a quadrant of the pole figure did 

not limit measurement accuracy to a noticeable degree. The hex schemes used here were limited 

to a single quadrant of the pole figure (Figure 3.3), while earlier simulations [5] and neutron 

measurements [6], [7] used all four quadrants. A symmetry is assumed for rolled cubic materials 

where each quadrant would mirror the others across the RD-ND-TD axes. As the hex 

measurement and simulation results fell within the uncertainty of the neutron measurements 

(Figure 4.9), a single quadrant measurement was effective in reducing texture effects.  

The hex schemes were designed to avoid the highly oriented ND (Figure 3.3). Examining 

the heatmap indicates that components with strong orientation about the ND (Figure 3.1), 

indicated by MUD values either far greater than or less than 1, may lead to larger degrees of 

error for the hex schemes (Figure 4.5). However, the ND scheme heatmaps demonstrate larger 

degrees of error for the same components (Figure 4.6). While either avoiding or directly 

sampling the ND seems to induce error, the hex results contained far smaller bias error. 

Choosing to avoid the ND did not result in inaccurate measurements via the hex schemes 

(Figure 4.9). 

The normalized intensity variation between the ND and 30-p schemes’ results suggests 

that most error sources in the measurement were addressed by the implementation of the hex 

scheme (Figure 4.8). As discussed in Chapter 3, the normalized intensity within a phase is ideally 

one value for single set of results. The presence of variation suggests some error or deviation 

from the ideal, with larger variation indicating higher error [6]. Normalized intensity variation is 

present in most diffraction experimental results, and is a pervasive issue which remains 

unaddressed. The range of values found within each phase was much narrower for the hex 

results, while the more heavily texture affected ND results had a much larger range (Figure 4.8). 

The normalized intensity variation in the hex and ND results also serves as a readily visible 

indicator of the potential effects of peak selection. Each peak had a different normalized 

intensity, with some values closer or farther from the average. The latter case is best indicated by 

the α (200) peak, which was further from the average for both scheme results. 
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The chosen peak combination proved a noticeable factor in measurement accuracy for 

ND and hex measurements in both simulations and XRD. Beyond the contribution to accuracy 

from the total number of peaks used, specific combinations also had an effect. The greater 

accuracy exhibited in both by the 3 Pairs combinations may be due to a more representative 

calculation resulting from the increased number of peaks (Figures 4.1 and 4.9). However, the 3-4 

combination decreased in accuracy from the 3 Pairs A combination, suggesting that an increased 

number of peaks used will not necessarily provide a direct increase in accuracy, as opposed to 

the assumption seemingly made in the current SAE guideline [3]. Improved accuracy for 

combinations using the γ (311) plane over alternatives using identical numbers of peaks seems to 

be caused by the relatively milder texture of a high multiplicity plane (Figure 2.7). Therefore, 

when available, the use of this peak (or other high multiplicity, low texture peaks) in the 

calculation seems to improve accuracy in either the hex or ND measurements. 

Examining the texture combination heatmaps of Figures 4.5 and 4.6, several components 

may be identified as weakpoints for the each scheme. The results presented utilized 20° half-

width texture profiles of sharpness roughly comparable or slightly sharper to the example sheet 

steels considered (Figures 2.6, 3.1). As might be expected by the strong orientation at each of the 

RD-TD-ND axes, the γ Cube component produces significant error in the ND simulations 

(Figure 4.6). Large error is also found for combinations including the Shear, α1, and α Fiber 

components of ferrite (Figure 4.6), which also have strong alignment about the ND. These 

components are also strongly aligned about high tilt angles not covered by the partial schemes 

(Figure 3.1). The error range is smaller for the hex results, but the same components correlate to 

larger errors (Figure 4.5). The components associated with high error therefore pose as 

challenges to accurate measurements regardless of the choice of ND or hex scheme. The reduced 

error ranges of the hex schemes are still beneficial, but materials strongly presenting these 

texture forms may require other sampling schemes to sufficiently reduce bias error. Of the 

concerning components, the α1 BCC and Cube FCC components are among the most common in 

rolled materials of the relevant crystal structure [18]. The austenite Cube component prevalently 

appears in post-rolling recrystallized materials [21]. However, the textures present in rolled 

materials are often closer to a combination of several components rather than any individual 

component. Compare the example material ferrite pole figures of Figure 2.6 with the individual 
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α1 and γ fiber components. The example materials express a combination of the components, 

rather than any individual component, which results in a slightly more uniform texture profile. 

5.3. Validity of the Texture Bias Model and Texture as a Driving Source of Error 

The accuracy with which the texture bias model predicts experimental behavior indicates 

texture effects are a driving source of error in XRD measurements (Figure 4.9). The agreement 

of the simulations and experimental results suggests much of the error present in the ND 

measurement comes from texture effects. While other sources of error exist, their effects are 

much less drastic than the texture bias error. Texture being the primary source of error is 

evidenced by the overall accuracy improvement offered by the hex scheme (Figure 4.9). The hex 

measured result with the highest error (2 Pairs C) is still more accurate than the ND measured 

result with the least (3 Pairs A).  

The differences in value between the simulated and XRD measured phase fractions may 

be due to several factors that were not directly accounted for (Figure 4.9). The simulations did 

not account for the slight tilt angle imposed by the sample geometry, which would shift the 

measured points on the pole figures slightly. Accounting for the pole figure shift in future work 

may improve simulation accuracy. Peak broadening within the hex results caused several peaks 

to overlap, complicating peak and background fitting (Figure 4.7). Furthermore, to mitigate the 

lower peak maxima present when tilting the sample, no filter was used, increasing intensity but 

allowing secondary peaks to appear. These secondary Kβ peaks were present in both the hex and 

ND results. However, due to the peak broadening, the Kβ peaks were nearly inseparable from the 

hex data (Figure 4.7). Therefore, the Kβ peaks were not removed from either dataset to provide a 

direct comparison. Unfortunately, the spreadsheet used for the austenite phase fraction 

calculation does not account for the inclusion of Kβ radiation or peaks [43], and therefore some 

error may have been introduced. Both the inclusion of the Kβ peaks and peak broadening may 

explain the increase in variance between the simulated and experimental results for the hex 

scheme. The ND data was less affected by broadening issues and matched more closely with the 

simulations (Figure 4.9).  

5.4. Implementation of Experimental XRD Measurements 

The implementation of a hex scheme requires the ability to alter the tilt and rotation 

positions of the sample [26]. The use of a device with a chi and phi axis stage rotation control 
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simplifies this process. However, the motion capabilities of the sample stage may present 

challenges. In the case of the device used for this study, the arrangement of the oscillating 

portion of the sample stage made capturing an identical surface area difficult, as demonstrated by 

the projected areas in Figure 3.6. The sample was affixed to the “X and Y” oscillating portion of 

the stage, as shown in the schematic of Figure 5.1. The oscillating portion of the stage was 

directly attached to the portion linked to rotation (ϕ). The stage configuration thus linked the 

oscillation direction to the sample rotation. As the transverse direction of the specimen was 

aligned with the X direction initially, oscillation was always performed along the transverse 

direction of the sample surface. Conducting measurements using point, rather than slit, optics 

could provide greater control over the measured area. On devices with no multi-axial 

goniometer, the use of a sampling scheme is still possible, but may require the construction of 

specialized, machined mounts set to the tilt angles needed, as well as careful positioning by the 

user to match the required rotation angle. 

 

 
Figure 5.1: Schematic of the 5-axis sample cradle “stack” representing the attachment of each 

portion of the stage and the movements possible by each. 

 

Beam spilloff was greater than expected in the experimental measurement (Figure 3.6). 

The illuminated areas were calculated and plotted as the potential for spilloff was a concern. A 

zero-background plate ensured the spilloff did not provide erroneous data from the sample stage. 

However, spilloff reduces intensity as well, and as such the spilloff likely affected the measured 

intensities to some extent for several vectors of the hex scheme [4]. The effect would have been 

greater for small angles of incident radiation (such as 40° 2θ), where the projected area was 

larger [4], [11]. The effects do not appear to have been great enough to cause an inaccurate 

measurement of the sample (Figure 4.9). Beam spilloff is nonetheless undesirable. The use of a 

point optic may be prudent to reduce the projected area to a much smaller size. A fluorescing 
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sample marked with similar dimensions to the specimen to be characterized may also be used to 

confirm the illuminated area does not spilloff at any diffraction vector. Fluorescing samples 

visibly illuminate in low-light settings to mark the irradiated area, and thus the size and position 

of the irradiated area can be compared to the sample dimensions directly. 

Beyond challenges in the equipment setup itself, further concerns present themselves for 

the use of alternative radiation sources. Alternative radiation sources, such as Mo and Cr are 

typically considered preferable to a Cu source for the measurement of an iron-based sample. 

Alternative sources reduce sample fluorescence and increase beam penetration [3], [11], [13]. 

However, Mo constricts the peaks to a smaller 2θ range, potentially leading to even greater 

overlap of the diffracted peaks [3]. One potential solution is the use of increased dwell times to 

increase the signal to noise ratio and maxima of each peak, allowing for distinct profiles for peak 

fitting. Cr and Co radiation sources may be used, and instead expand the 2θ range [3], [11]. 

While avoiding peak overlap, a separate issue arises in that the peaks available for reflection 

mode results are limited by the X-ray wavelength. The peak selection available is significantly 

reduced, particularly for Cr source results. 

The inherently low beam penetration depth of reflection mode XRD, particularly for Cu 

source measurements of steel, must be considered to understand the relevance of gathered data 

[11]. The grains of the duplex material were large enough that the nearly 5 µm beam penetration 

depth of Cu source XRD would be incapable of illuminating more than a single layer of grains 

(0). The grain counting statistics are even worse, as only a fraction of those illuminated provide 

data at each diffraction vector. Even for small-grained materials, banding is prevalent enough in 

rolled materials that concerns over through-thickness phase variation cannot be discredited [16], 

[17]. An XRD measurement conducted parallel to the sheet surface may fall on a banded layer 

prevalently presenting one phase, and lead to large deviation from the accurate phase fraction in 

the calculated value. The tapered sample design (Figures 3.4 and 3.5) and large oscillations were 

used in the study to address these concerns. A large surface area and through thickness view are 

recommended where a representative measurement of a rolled material is desired. 

While the normalized intensity variation was reduced through the application of the hex 

scheme, that variation remains in the hex results indicates the possibility for improvement 

(Figure 4.8). However, the exact source of the variation is unknown. Currently, the theoretical 
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intensity calculation neglects some factors, such as texture effects or composition variation 

between phases [3], [11]. Neglecting the presence of the Kβ peaks in theoretical intensity 

calculations is another potential factor. Broadening and peak overlap effects may have 

contributed to the normalized intensity variation as well. 

5.5. General Recommendations for XRD Sample Prep 

The surface prepared for a diffraction measurement requires some consideration to 

provide a representative measurement of an inhomogeneous material. A seemingly common 

practice in XRD measurements of sheet steel include polishing parallel to the sheet surface. In 

the round robin, for example, a ¼ thickness view was used by 2 participants, and a 1/10 

thickness view by another participant of the round robin [10]. The propensity of banding to 

appear in rolled sheet calls this practice into question, as there exists a potential for the examined 

surface demonstrates a single layer with a strong preference towards one phase [16]. Given the 

small beam penetration depths of reflection mode diffraction, even a few μm thick band may 

prove problematic. The relatively large colonies of each phase and distinct bands found in the 

micrographs taken of the duplex sample (see 0) reinforce concerns over the exposed sample 

surface. A slight angle was used to produce a through-thickness view to mitigate banding 

concerns in this study. Other solutions could be used instead, such as measurement of the ND-

TD or ND-RD sample cross-section. The cube corner sample [39], [40] also achieves a desirable 

representative surface. Figure 5.2 provides an example image of a cube-corner specimen 

geometry for examination. The sheet cross-section is exposed in a manner that provides a large 

surface area. A cross section or cube corner geometry alters the region of the pole figure that can 

be covered, which may require consideration. Furthermore, more material waste would be 

required to form a larger composite surface area to increase grain count. 

One route of sample preparation was explored and seemed successful. The sample 

preparation methods were designed to produce a surface representative of the bulk and with little 

deformation. Particularly, the tilt-normal sample geometry provided a relatively simple to 

produce solution, with little initial deformation produced by wire EDM. Subsequent removal of a 

layer assumed to be at least 10 times larger than the particle size of the previous polishing media 

reduced concerns of near-surface deformation.  
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Figure 5.2: Example image of a cube-corner sample geometry. Relevant sheet axes are labeled 

to better indicate the orientation of the material. 

 

The deformation layer removal procedures used here were likely excessive, as the duplex 

alloy has relatively stable austenite. While the effects of sample preparation on austenite 

transformation were not directly studied here, literature review indicates a smaller deformation 

layer of around 4 times the particle size was likely induced during polishing (see 0) [31], [32]. 

Current understanding of the mechanisms behind polishing-induced deformation suggest smaller 

deformation layers are produced in harder materials, such as steels [45]. To avoid concerns over 

deformation layers, chemical attack is also a distinct option for surface layer removal of many 

materials. Acids, such as hydroflouric, may be used to remove layers of material relatively 

rapidly. Chemical attack beneficially does not introduce mechanical stress or damage. The 

procedures used here largely neglected chemical attack due to the exceptional resistance of the 

duplex stainless steel alloy to corrosion and common acidic solutions. Furthermore, chemical 

attack may preferentially remove one phase, affecting the near-surface phase fraction. 

Other potential routes for sample construction were considered, and ultimately 

abandoned; each are described to forewarn of their shortcomings. Attempts were made to 

produce tilt-normal samples with equipment other than wire EDM. Cuts were made using 

abrasive saws while the specimens were held at the correct angle. Saw cuts were inconsistent, 

with a tendency to deflect, following the path of least resistance and gliding along the sample 

surface. Another route considered grinding through the material at a specific angle to produce the 

correct through-thickness view on a corner to corner basis. Grinding through all the material to 

be removed posed concerns over both the time required and the deformation layer induced. 

  

  
  



60 
 

Large-particle, aggressive media was required, which would lead to faster removal but rather 

large damage layers. Alternatively, small-particle media could be used, but would require far 

longer to prepare each set of samples, and would require the use of far more polishing media to 

sufficiently remove the material required. The combined EDM-mechanical polishing procedure 

described in Chapter 3 was eventually selected instead. 

5.6.  Broader Applications 

The hex schemes may be effective in reducing texture effects in other materials. The 

simulations and XRD results indicate that the hex schemes can effectively and accurately 

measure sheet steels. The textures produced by rolling cubic crystal materials are relatively 

consistent [19]. These textures mainly include the austenite Cube, Goss, Copper, and Brass 

components, and the ferrite α1 fiber component and γ fiber [4], [18]–[20]. Therefore, the hex 

schemes may be capable of accurately measuring other rolled cubic materials that present typical 

texture components. However, the texture combination simulations indicate partial hex schemes, 

particularly at high grid spacings, may not accurately measure sharply textured materials 

(Figure 4.4). For sharply textured materials, or materials not demonstrating typical rolled cubic 

patterns, one of the full hex schemes are likely capable of an accurate measurement. The results 

of the 5-f simulations in particular are promising for any texture combination up to 5 ATI 

(Subfigure 4.3.a). The hex schemes used in the study covered a single quadrant of the pole 

figure, which is practical only when assuming a cubic crystal symmetry [4]. Materials with other 

crystal structures, such as hexagonal, may require measurements of all four quadrants, similar to 

those used in [5]. 

The simulation model may be used to assess texture bias error for other material groups. 

While the simulation has thus far been used for rolled sheet steels, close agreement of the 

simulation and XRD results suggests the model itself is fairly accurate (Figure 4.9). Other 

experimental data could be fed into the model to predict texture bias errors and develop other 

sampling schemes. Steels or cubic materials with other processing conditions (as-cast, forged, 

additively manufactured, etc.) could be studied with minimal adjustment of the model scripts. 

While the model itself has thus far been used for cubic materials, the model could also be used to 

simulate materials with different crystal structures.  
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5.7. Considerations Applied in the Study 

During this investigation, the effects of texture, chemical composition, through-thickness 

variation, and near surface deformation were addressed. Sampling schemes were utilized to 

provide simulated and experimental phase fraction measurements of textured materials and 

compared to ND measured results. Multiple vector measurements have been noted to improve 

consistency for phase measurement of textured materials, and sampling schemes limit the motor 

motion required from constant tilt and rotation methods [5], [13], [14]. Sample geometry was 

developed to provide a through-thickness view of the material. The banding present in sheet steel 

often includes phase segregated layers, so the geometry was chosen to provide a measurement 

more representative of the bulk [16], [17]. Assumed deformation layer depths were tracked and 

removed during mechanical polishing, with the final polishing step utilizing a combined 

chemical-mechanical process to produce a damage-free surface [29], [46]. Removal of the 

deformation layers reduced the likelihood of transformed austenite remaining in the measured 

volume. The theoretical intensities were adjusted for the measured bulk composition of the 

duplex stainless steel [3], [15]. Usage of tabulated theoretical intensities for more generic steel 

grades, such as those found in the SAE publication [3], was deemed inappropriate, as these often 

account solely for the effect of carbon.  
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CHAPTER 6: CONCLUSIONS 

In summary, a method for improving the accuracy of phase measurements of textured 

sheet steels has been developed and is described here. The project has determined that accurate 

phase fraction measurements can be performed using hex grid sampling schemes. Experimental 

results demonstrate that hex measurements using four diffraction vectors are comparable to 

neutron diffraction measurements using hundreds of diffraction vectors. The experimental results 

also indicate that an accurate measurement does not require a complex sample geometry to 

overcome the diffraction tilt limit. Simulations demonstrate that more even coverage by the hex 

scheme improves the robustness of the measurement. Normal direction results demonstrate that 

ND-aligned vector is insufficient for an accurate measurement. However, close agreement 

between the simulations and experiment suggest that the error present in the ND measurement 

could be modeled and corrected.  

• [RQ1] How accurate are the phase fraction measurements if the number of diffraction 

vectors are reduced substantially? 

The use of 4 evenly spaced diffraction vectors was sufficient to provide accurate phase 

fraction measurements in both simulations and experimental XRD of sheet steels. The measured 

phase fraction was comparable to the results of a neutron diffraction measurement with several 

hundred more diffraction vectors. The large grid spacing did not drastically reduce accuracy 

when compared to finer grids.  The poor accuracy of the ND measurements dissuades the use of 

a single diffraction vector, and supports the need of a multi-vector sampling scheme if accurate 

phase fractions are desired.  

• [RQ2] Is the ability to measure the entire pole figure, even at high tilt angles, necessary? 

Measurements at high tilt angles are not strictly necessary to determine accurate phase 

fractions of rolled sheet steels. The partial hex schemes provided accurate phase fractions in both 

simulations and measurements of example materials. The texture profiles of rolled cubic-crystal 

systems, including sheet steels, are typically similar. Therefore, unless a sheet steel exhibited 

unusually sharp texture partial hex schemes would provide accurate phase fractions. The textures 

found in the example materials, for example, are relatively mild, with the highest ATI around 3 

and most around 1.5.  For materials with similar texture morphology and strength, the partial 

scheme will provide similar levels of accuracy to the full hex schemes. As an added benefit, the 
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partial scheme does not require complex sample geometry or hard X-ray or neutron radiation 

sources. 

• [RQ3] Does the current texture bias error model accurately predict experimental results? 

The validity of the current texture bias model is supported by the close agreement 

between the simulated and experimental results. Small variations were observed between the 

two, but a distinctive pattern is apparent. The higher peak count results, which are more 

representative of the material, agree most closely. In particular, the ND simulations closely 

predicted the experimental results. The close agreement of the model also lends credence to the 

simulations predicting high accuracy for hex measurements of other example materials, despite 

the current lack of experimental results. 
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CHAPTER 7: FUTURE WORK 

This chapter describes several potential routes for future investigation of the simulation 

model, sample preparation considerations, and further experimental measurements using the hex 

grid sampling scheme. 

7.1.  Applications of the Simulation Model 

As the texture bias model accurately predicts experimental results, optimized sampling 

schemes could be produced. Algorithmic optimization through machine learning could be 

conducted based upon either texture data collected from individual materials or closely related 

groups. Particularly, material groups with similar processing are likely to have similar texture 

properties and would be more readily grouped together. By providing complete (or extensive) 

texture profiles of the materials, an algorithm would then iteratively select sets of diffraction 

vectors to improve the M.U.D. averaging effect provided. Schemes developed in this manner 

could be optimized for materials beyond sheet steels, expanding the overall applicability of the 

technique to other textured materials. The algorithm could be constructed to prioritize 

minimization of texture bias error. A bias error minimization algorithm could also consider 

instrumental constraints (available tilts and rotations, etc.). Alternatively, priority could be given 

to minimizing the number of diffraction vectors necessary to retain a specified level of accuracy. 

An algorithm could be used to determine the optimal diffraction vector for a single diffraction 

vector, or for fewer diffraction vectors than considered the in the 30-p hex scheme. 

Another option is the development of texture correction factors through the application of 

the bias model. One route would involve inverting the dataflow of the current model, with an 

accurate phase fraction (currently the imposed fraction ξ) as the output. Both the resultant phase 

fraction, with some unknown amount of texture bias error, and the diffraction vectors from a 

measurement would be provided as an input. Provided that sufficient texture data on the material 

could be provided, the accurate phase fraction could be determined. Another option would 

involve the production of a database or lookup table with texture correction factors for a variety 

of materials. Creating such a database would require the collection of texture data on a broad 

spectrum of materials with defined composition, processing, and the like. Interest has been 

expressed in the development of such a tool in past discussions with industry sponsors [47]. 
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7.2.  Sample preparation considerations 

An expanded characterization of the deformation layers produced by controlled 

mechanical polishing procedures may prove invaluable to future studies. The deformation layer 

data found in 0 describes the deformation as a function of scratch depth and particle size [31], 

[32]. However, the anticipated damage layer of approximately 3 times the scratch depth [29], 

[46] is not described by the empirical data. Instead, the damage layers are inconsistent in their 

size relation to parameters such as scratch depth or media size. Contributing factors likely 

include the applied load, sample hardness, and media feed rate (i.e. rpm for a rotating polishing 

pad) which are not defined in many cases[31], [32]. A study could therefore be performed to 

characterize the deformation layer depth induced by polishing with various media. Parameters 

such as motor speeds, sample load, and polishing times could be carefully controlled and 

recorded to ensure both repeatability and applicability of the results. Characterization of the 

deformation layer could be performed via taking cross sections of the sample after various 

polishing steps. A practical metric could also be implemented through XRD measurements of the 

surface to determine what, if any, steps affect the measured phase fractions. Eventually polishing 

procedures designed to fully remove deformation layers could be produced for several materials. 

7.3. Further Experimental Hex XRD 

Currently only a single set of measurements (the various diffraction vectors comprising 

the hex and ND schemes) have been performed to experimentally validate the hex scheme 

(Figure 4.9). Further measurements of samples from the same duplex material can be performed 

to further support the results. Follow-up measurements could include slight modifications of the 

procedures to avoid issues encountered during the measurement. A point optic could be used to 

better avoid the beam spilloff encountered during the measurement (Figure 3.6). A machined 

wedge at the same 2.6° angle of the tilt-normal sample could be used during the measurement to 

ease sample alignment. Detector distance could be increased to reduce peak broadening. With 

enough measurements, a confidence interval could be developed for the ND and hex results. 

The hex XRD measurement could be validated for other radiation sources and materials 

from the example material list. A copper radiation source was used in this study, and is known to 

induce large amounts of fluorescence when measuring steel [3], [13]. Many procedures 

recommend the use of other radiation sources for the measurement of steel, such as chromium, 
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cobalt, or molybdenum [3], [13]. These sources may provide higher signal-noise data and would 

compress or expand the 2θ range over which the peaks would appear. Higher signal-noise ratios 

may assist in making some peaks more readily used in the phase fraction calculation. 

Compression of the 2θ range would potentially make the process more problematic by causing 

peak overlap if peak broadening present. Expanding the measurement to other materials would 

further serve to establish the consistency of the hex scheme to the model. The scheme has only 

been used in the measurement of a single duplex stainless steel in this study. Three other sheet 

steels could be used for experimental validation based upon the simulation results presented here. 

The hex measurement could also be used for measurements of tensile samples to 

determine the schemes efficiency for evolved textures. During significant deformation, the 

crystal orientations within a material will potentially evolve, both due to transformation of the 

austenite and the crystal structure re-orienting due to deformation mechanisms. The current hex 

scheme may be insufficient for sufficiently reducing the bias errors produced by an evolved 

texture. The measurement could be performed with several schemes of various grid spacing, 

though the 5-f measurement would serve as the “default” value. The 5-f scheme was found to 

reduce texture effects almost entirely even for very sharp textures (Figure 4.3.a), so it is likely 

that it would be sufficient to address even evolved textures. If significant phase fraction variation 

exists between the grid spacings, this would indicate the larger grid spacings do not fully reduce 

the texture effects produced by tensioned samples. 
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APPENDICES 

 Supplementary materials which were not the primary focus of the study are provided 

here. Beam penetration effects (0) and deformation layers (0) were potential concerns during the 

study, and have been investigated. The sample and batch ID numbers as listed in the NIST 

database for the materials used are provided (0)..EBSD and LOM micrographs of the sample 

material are provided (0).  

An estimation and discussion of grain counting statistics are provided (0). The polishing 

procedures used in the study are explained in greater detail (0). Further information on the 

recalculation of the theoretical intensities is also provided (0). Additional heatmaps, which 

presented small variation, were produced (0). Results of a residual magnetic signal measurement 

to characterize damage layers are provided (0).  
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APPENDIX A: BEAM PENETRATION DEPTHS 

Beam penetration depth calculations have been performed for several radiation sources 

used for measurement of steel. The procedures used to calculate the penetration depths are 

provided such that they can be readily adjusted for other radiation sources or sample materials. 

The calculations for each radiation source provide an estimate of the measured depth for a list of 

peaks for both the austenite and ferrite phases. 

The beam penetration depth of X-ray diffraction operated in reflection mode is dependent 

on the sample material and the radiation source. Ignoring absorption-edge interactions for 

particular wavelength-sample combinations, higher energy radiation sources penetrate further 

into the sample [11]. Similarly, lower density materials absorb less radiation, allowing for larger 

penetration depths. As this project focuses on the measurement of steel, the density of the 

material is largely consistent. However, several radiation sources are used for measurement of 

steel [10], [13], [14]. The radiation source selected for a particular measurement therefore is a 

driving factor in the beam penetration depth. 

The beam penetration depth becomes particularly concerning when a large portion of the 

measured depth is affected by some inhomogeneity. As the radiation only interacts with layer 

near the surface, any near-surface inhomogeneity may cause the measured values to not 

accurately represent the bulk. For instance, in rolled steels, the prevalence of banding [16], [17] 

can lead to concerns over whether the measured values are affected by through-thickness 

variation. If the sample surface falls largely within a single banding layer, the measured values 

may entirely represent of the properties found within that layer. The radiation source chosen for 

the diffraction measurement may further exacerbate or mitigate this concern.  

Calculations of the beam penetration depth were performed for several radiation sources 

to better emphasize the importance of considering near-surface effects. The selected radiation 

sources were Copper (Cu), Cobalt (Co), Molybdenum (Mo), and Chromium (Cr), each of which 

may be used in the diffraction measurement of sheet steel [13], [14]. The calculations have been 

performed using the properties of a pure iron sample in the ferrite phase for simplicity. 

Table A.1 lists mass attenuation coefficients and linear attenuation coefficients for each 

radiation source. The mass attenuation coefficients were taken from the NIST published table of 

X-ray Mass attenuation coefficients by interpolating the data within the iron sample table based 
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on the Kα1 energy values of each radiation source [28]. Using the density (⍴) of pure ferrite 

(7.869 g•cm-3) for the sample [48], a linear attenuation coefficient µ was calculated for each 

radiation source as per [4].  

 

Table A.1: Mass and Linear Attenuation Coefficients by Radiation Source 

Radiation Source 
Mass Attenuation Coefficient          

µ/⍴ (cm2•g-1) 

Linear Attenuation Coefficient          

µ (cm-1) 

Copper 303 2384 

Molybdenum 42 331 

Cobalt 59.2 466 

Chromium 117 921 

 

A more stringent calculation of the mass attenuation coefficients may be performed to 

properly account for each alloying element, as per the instructions included on the NIST site 

[28]. For the demonstrative purposes of these calculations, no such alloying corrections were 

used. 

As radiation is absorbed in an exponential manner, it is most convenient to examine the 

depth at which most radiation has been absorbed (and, consequently, most diffracted radiation 

has been reflected). The depth at which 90 pct of the radiation was absorbed was then calculated 

following Equation A.1 [4], [24]. 

 

 𝐺 = 1 − 𝑒𝑥𝑝 (−
2𝜇𝑡

sin 𝜃
) (A.1) 

 

Where G is the absorption level (0.9 for this example), t is the penetration depth, and θ is 

the incident radiation angle.  

The calculated beam penetration depths are gathered below in table A.2, and are 

organized by order of appearance as the incident radiation angle θ increases. The exact number 

of peaks included for each radiation source varies based on the radiation wavelength. For 

example, a chromium source limits the measurable peaks to three per phase [14]. The copper and 

molybdenum sources provide more available peaks. 

The low beam penetration depths validate the concerns over near-surface damage or 

banding effects. The copper penetration depths are the lowest, at less than 5 µm, and reflect the 
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measurement performed in this study. Any damage layer a few µm deep would contribute a large 

portion of the data collected from this depth. Thus, even small amounts of deformation by 

sample preparation could prove problematic when performing a phase fraction measurement. 

The use of a different radiation source can improve the penetration depth several fold, and thus 

might mitigate the effects of a thin deformation or banding layer. However, even the cobalt beam 

penetration depths extend to at most 24 µm. XRD measurements of steel using these radiation 

sources may find near-surface effects greatly contribute to measurement error.  

 

Table A.2: Beam Penetration Depth per Radiation Source at each Peak (µm) 

Phase γ α γ α γ α γ γ α α γ α 

Peak 111 110 200 200 220 211 311 222 220 310 400 222 

Cu 1.8 1.8 2.1 2.6 2.9 3.2 3.4 3.6 3.7 4.1 4.1 4.5 

Mo 6.0 6.1 6.9 8.6 9.7 10.6 11.4 11.9 12.2 13.7 13.8 15.0 

Cr 6.9 7.1 8.0 10.0 11.3 12.2 - - - - - - 

Co 10.6 10.9 12.3 15.4 17.4 18.9 20.4 21.3 21.8 24.4 - - 
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APPENDIX B: DEFORMATION LAYER LITERATUE REVIEW AND CALCULATIONS 

Data was collected from literature on the deformation layer depth produced through 

mechanical polishing. The sources used list the damage layers found for various polishing media 

types and particle sizes [31], [32]. Some of the data listed is for brass alloys as opposed to steel. 

While the information is not directly comparable, it may serve as an upper expectation of the 

damage layer expected for the polishing of steel. During polishing, cutting action is promoted 

over deflection of the surface around the media. Deflection is instead promoted in materials with 

lower hardness [45]. A smaller damage layer may therefore be anticipated from an identical 

polishing procedure of a harder material. By extension, the damage layers reported for a brass 

material are higher than they would be a harder steel material. A summary of the data is found in 

Table B.1.  

Table B.1 includes the average media particle size for the various polishing procedures, 

followed by the scratch size and deformation layers induced by the polishing step, all in μm. The 

scratch sizes are then listed as a pct value of the average particle size. Finally, the deformation 

layers are listed as a multiple of scratch and particle size.  

 

Table B.1: Plastic deformation layer depth from mechanical polishing as compared to particle 

and scratch size. Data from [31], [32] 

Average 

media 

particle size, 

μm 

Scratch size, 

μm 

Deformation 

Layer, μm 

Scratch size, 

pct particle 

size 

Deformation 

layer, 

multiple of 

scratch size  

Deformation 

layer, 

multiple of 

particle size 

640 6 350 0.94 58 0.55 

640 4 150 0.63 38 0.23 

450 15 170 3.3 11 0.38 

260 - 70 0.94 - 0.27 

65 2 77 3.1 39 1.2 

30 1.5 43 5 29   1.4 

10 to 20 0.3 16 3 53 1.6 to 2 

10 to 20 - 1.7 - - 0.17 to 0.85 

15 0.8 22 5.3 28 1.5 

6 0.08 1 1.3 12.5 0.17 

1 0.05 0.7 5 14 0.7 

0 to 1 - 2.5 - - 2.5 
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The deformation layers do not follow a set ratio to the scratch size or particle sizes. The 

mechanism suggested by [29], [46] for the formation of a damage layer assumes similar behavior 

to a blunt indenter, which would produce deformation at nearly 3 times the scratch size. Instead, 

the deformation layers described here instead are up to 58 times the scratch size. However, as the 

scratch size is typically a small percentage of the particle size, the size of the deformation layers 

are relatively small overall. As can be seen in the final column, the deformation layer as a 

multiple of particle size is relatively low, at most around 2.5. 

Several potential mechanisms for the inconsistent damage layers may be readily 

discovered upon inspection. The values largely were not reported alongside thorough procedures 

for the polishing process[31], [32]. Ideally, factors such as cutting rate, applied loads, and the 

like, would be kept consistent [31]. If procedural variation was present in the studies the 

inconsistent ratio between damage layers and scratch sizes or the like is more readily explained. 

However, other factors, such as cutting angle (here describing the micro-scale removal of 

material), have also been used to define deformation models [31]. Such values are much more 

difficult to adequately describe for a particulate-based polishing media. Therefore, a more 

practical approach than the use of a model to describe damage layers would be undertaking an 

empirical study, as described in Section 7.2. 
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APPENDIX C: SAMPLE AND BATCH ID NUMBERS FOR DATABASE USE 

 The ID numbers for the materials, samples, and data relevant to the study are found in 

Table C.1. The sample and data ID are included only for the duplex sample measured 

experimentally during the study.  

 

Table C.1: ID numbers related to the study 

Alloy Batch ID Sample ID Data ID 

Duplex stainless 

steel 

B160506-AAC-001 S201204-MRC-010 L210305-MRC-001 

TRIP 780b B161222-AAC-001 
 

 

TRIP 780 B080401-AAC-001 
 

 

TRIP 700 B050812-AAC-001 
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APPENDIX D: EBSD AND LOM MICROGRAPHS 

Two micrographs, using Electron back-scatter diffraction (EBSD) and Light Optical 

Microscopy (LOM) were taken of the Duplex material. EBSD was conducted on the sample used 

in the XRD experiment to further characterize the sample surface. LOM was conducted on a 

cross-sectional sample on the ND-RD plane, and at a far lower magnification. The cross-

sectional view provided a better understanding of the banding present in the sample.  

An EBSD produced micrograph of a 120 by 95 µm region of the through-thickness 

sample surface was taken at a working distance of 20 mm and sample tilt of 70°. After importing 

the data into OIM Analysis 8™ software, a phase and image quality combined plot were created. 

The data was processed using the software’s cleanup functions, including dilation, neighbor 

phase correlation, neighbor confidence index (CI) correlations, and a final round of neighbor 

phase correlation. The parameters used by each step are, respectively, a tolerance of 5.0; a 

minimum CI of 0, a minimum CI of 0.2, and a minimum CI of 0.22. The grain diameter 

distribution of the measured area were exported for each phase. The phase map provides a visual 

indication of the microstructure morphology seen at the sample surface, such as phase 

distribution, relative grain size, and the like. Furthermore, the exported data provides an 

improved understanding of the number of grains seen illuminated in the XRD experiment. The 

EBSD results also provided another comparison for the phase fraction of the sample. 

The phase and image quality combined map produced by the EBSD measurement are 

shown in Figure D.1, with sample directions labeled. The average confidence index of the 

collected data including the grain boundaries was 0.44. The phase fraction collected over the 

region was 0.53 austenite area fraction, closely matching the value determined by neutron and 

hex scheme measurements. The austenite grains are generally smaller than the ferrite grains. 

However, these austenite grains form large clusters or colonies.  

The grain statistics of each phase are further described in Figure D.2, with plots 

comparing the grain size to area fraction of the scanned region. The diameter of the austenite 

grains is most heavily distributed at around 5 µm. The ferrite grains mostly appeared as around 

20 µm. 
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Figure D.1: EBSD micrograph of the duplex sample surface. The TD and RD sample 

orientations are indicated in the figure. 

 

Several facets of the EBSD results validate various concerns and results of the XRD 

measurement. The average grain size is much smaller for the austenite phase. As such, a much 

larger number of austenite grains participated in the XRD measurement as well. The counting 

statistics of the measurement was therefore uneven between the two phases. The grain sizes 

justify the use of a large surface area to improve counting statistics overall and lessen the gap 

between the phases. Furthermore, while many of the austenite grains are relatively small, even at 

around 4-5 µm diameter many of the grains are large enough to encompass the penetration depth 

of copper source radiation (Table A.2) [11]. Assuming the grains are relatively similar in depth 

to their planar dimensions, a single layer of grains was captured in the XRD measurement, as 

expected. As previously explained, banding effects would be highly detrimental to a single-layer 

measurement [16], [17]. The micrograph demonstrates several band-like regions across the TD, 

with clustering of the phases oriented along the RD. As the TD was the “through-thickness” 

direction across the tilt-normal surface, these regions validate the effectiveness of the geometry 

in capturing multiple band layers. Consequently, the captured phase fraction was remarkably 
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similar to the hex scheme results (Figure 4.9). However, due to the small region considered in 

the EBSD scan, the result is less representative than the XRD results. 

Light optical microscopy (LOM) was also performed on sample of duplex stainless steel 

to identify banding effects. The sample was sectioned along the ND-RD plane using a LECO 

aluminum oxide abrasive saw to provide a cross sectional view. The sample was then auto 

polished using 800 grit SiC paper, followed by 9 μm, 6 μm, 3 μm, and 1 μm diamond. Final 

polishing consisted of 0.05 μm colloidal silica vibratory polish overnight. After polishing, the 

sample was etched using 20 molar NaOH with 3V applied electrical potential for 7 s. After 

etching, some residue was left on the sample surface, so a manual polishing step was performed. 

To ensure the etching effects were not removed as well, 0.05 μm alumina suspension was used 

for a total of 25 s. The sample was then examined and found to have no remaining residue. 

Figure D.3 demonstrates the results of the microscopy measurement. Banded, phase-

separated layers are clearly visible, aligned with the rolling direction. Many of the bands are 

thick enough (around 5 μm) such that XRD conducted along the RD-TD plane (a horizontal 

plane into the cross section shown in Figure D.3) could very well collect data almost exclusively 

from a phase-enriched layer. Banding is very common in rolled steels, yet XRD is often 

performed after polishing down from the sheet surface, exposing the RD-TD plane at some 

thickness [10]. The results of such a measurement may severely mis-represent the phase fraction 

of the material. The through-thickness view used in this measurement addressed banding 

concerns, as can be seen upon inspection of Figure D.1, where a relatively even distribution of 

the two phases were observed. The through-thickness view was necessary for an accurate 

measurement of the duplex steel. A cross-sectional view of some manner is likely necessary for 

nearly any accurate measurement of rolled products, yet currently is not described in either the 

ASTM standard or SAE guideline [3], [13]. 
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(a) 

 

(b) 

 
Figure D.2: The area fraction distribution as a function of grain diameter for the austenite (a) and 

ferrite (b) phases. 
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Figure D.3: LOM micrograph of the duplex stainless steel. RD-ND plane shown, with RD 

aligned horizontally, and ND aligned vertically in the image. 
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APPENDIX E: GRAIN COUNTING STATISTICS 

The number of illuminated and participating grains have been estimated for the hex and 

ND measurement. From the number of illuminated grains, counting statistic based uncertainties 

were calculated. A more realistic uncertainty range was calculated based on the lower number of 

participating grains as well. 

Consideration of the uncertainty contribution from grain counting statistics as well as 

mitigation methods have thus far not been found in common practice. As evident by the beam 

penetration depths described in Appendix A, a specific volume of material is illuminated by the 

radiation. The number of grains illuminated are dependent on both grain morphology and size. 

The number of grains participating in the measurement can act as a further source of error or 

uncertainty. With larger-grained materials, low penetration depths would illuminate one to two 

layers of grains on average. If the illuminated depth is largely defined by radiation energy and 

incident angle, the volume may be increased by illuminating a larger area. A larger illuminated 

area (and consequently volume) improve the grain counting statistics. The upper limit of the 

illuminated area is the specimen surface area. A large sample surface area of 1” square is 

recommended in the ASTM standard [13].  

However, practically speaking, mounting fixtures, instrument parameters, and the like 

can limit the size of the specimen and illuminated area. For instance, the mounting devices 

available in the physical metallurgy lab at the Colorado School of Mines are 1.25” in diameter. 

The mount geometry cannot fully hold a 1” square specimen. Alternative mounting or fixturing 

would be necessary. Larger mounts and fixtures pose other issues, including compatibility with 

available polishing manifolds for automated polishers or other equipment. Aside from specimen 

considerations, the parameters of the diffractometer may limit the illuminated area. Without 

sample stage oscillation, the diffracted area is smaller, and would largely be limited to the 

projection of the incident beam optics. With oscillation, beam spilloff is more difficult to avoid 

(such as the spilloff seen in Figure 3.6), particularly with slit optics, which project a rectangular 

area. A point optic (which produces a much smaller projected area) may improve the ability to 

avoid beam spilloff. When using a point optic, a much larger range of oscillation is required to 

make use of the entire specimen surface.  
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If the full 1” square area recommended by the ASTM standard [13] is not always 

measurable, it may be prudent to consider the effects on repeatability. For demonstrative 

purposes, an estimation of the illuminated grains is defined here for a 10 mm by 12 mm 

illuminated area similar to the ND measurement used in this study. The 90 pct absorption beam 

penetration depth was taken from the γ (220) value found in Table A.2. Each phase was assigned 

a certain fraction of the full illuminated area based on the neutron phase fractions. The 

illuminated volume per phase was then calculated following Equation E.1. 

 𝑉𝑋,𝑖𝑙𝑙 = 𝑉𝑋𝐴𝑖𝑙𝑙𝑡 (E.1) 

 

Where  𝑉𝑋,𝑖𝑙𝑙 is the illuminated volume for the phase X, 𝐴𝑖𝑙𝑙is the illuminated area, and t 

is the beam penetration depth. 𝑉𝑋 here is the volume nominal volume fraction of phase X within 

the material. 

The number of illuminated grains GX for each phase were then calculated via 

Equation E.2. 

 

 𝐺𝑋 =
𝑉𝑋,𝑖𝑙𝑙
1
6𝜋𝑑𝑋

3
 (E.2) 

 

Where 
3
Xd  was the grain diameter for each phase. The grain diameter was taken from the 

EBSD results described in 0 as the average diameter weighted by area fraction. A separate 

calculation was also performed for a diameter of 18 µm to represent relatively coarse-grained 

material. Spherical grain shapes were assumed for simplicity of the calculations.  

Finally, the uncertainty contribution from counting statistics were determined as the 

reciprocal root of the grain counts as per Equation E.3, which assumes a Poisson’s distribution. 

The uncertainty values were then converted to a percentage. The uncertainties here represent the 

expected variability of the data collected from a nominally identical material between 

measurements. 

 𝑢 =
1

√𝐺𝑋
 (E.3) 
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The illuminated grain counts and counting uncertainties are found in Table E.1. 

 

Table E.1: Illuminated grain count estimation for a Cu kα radiation source 

Grain Diameter (µm) γ grains (#) α grains (#) γ uncertainty (pct) α uncertainty (pct) 

4.1 γ; 20.5 α 5200000 37000 0.05 0.2 

18 61000 54000 0.2 0.2 

 

The uncertainties remained below 1 pct, even for a relatively coarse grain size. Note that 

the estimation does not account for the effect of grains partially captured in the illuminated area. 

These would contribute to a lesser degree than fully captured grains to the volumetric phase 

calculation, but do technically contribute to the counting statistics. 

In practice, the number of grains participating in the measurement would be only a 

fraction of the number of illuminated grains shown in Table E.1. The diffraction radiation is only 

accepted by the receiving window within a relatively small range of orientations. Therefore, only 

a select number of grains would actively contribute to the measurement by possessing an 

appropriate orientation to align the diffracted beam with the receiving window. Unfortunately, 

the exact ratio of contributing to illuminated grains is rather complex to quantify, and is 

dependent on the specific parameters of the instrument. Furthermore, more grains would satisfy 

the condition at preferred orientations as more satisfy the requisite alignment conditions. The 

counting statistics per diffraction vector therefore actually change dependent on both peak 

selection and vector orientation. For the γ (220) reflection of the duplex sample, the counting 

statistics would be higher about the ND due to the higher M.U.D. value of 1.3. However, each 

diffraction vector used also improves the number of grains measured. A sampling scheme thus 

improves the counting statistics of a measurement. 

The uncertainties were recalculated for the number of participating grains. A baseline 

participation rate 𝑟𝑝 was assumed for a uniformly textured material. The participation rate was 

then multiplied by the M.U.D. value per diffraction vector to account for the effect of texture. 

The uncertainty accounting for accepted orientations was then calculated from Equation B.4. 

 

 𝑢𝑋,𝑝 =
1

√𝐺𝑋𝑟𝑝𝑀𝑈𝐷𝑠𝑐
 (E.4) 
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Where MUDsc is the total M.U.D. value for all diffraction vectors in a scheme. The MUD 

values used were taken from the γ (220) pole figure. 

The uncertainties that follow from a rate 𝑟𝑝 of 10 pct were calculated. The grain counts 

used in the calculation are those found in Table E.1. The adjusted uncertainty values are found in 

Table E.2.  

 

Table E.2: Uncertainty Estimation for a 𝑟𝑝 of 10 pct 

Grain Diameter 

(µm) 

γ uncertainty ND 

(pct) 

γ uncertainty hex 

(pct) 

α uncertainty ND 

(pct) 

α uncertainty hex 

(pct) 

4.1 γ; 20.5 α 0.1 .07 1.5 0.8 

18 1.1 0.6 1.2 0.7 

 

A 10 pct participation rate led to an increase in uncertainty. Even at the highly preferred 

ND orientation, the drop in participating grains nearly triples the uncertainty. For the 30° partial 

hex scheme, the uncertainty increase is much smaller in magnitude. None of the estimated 

uncertainties reach 2 pct. The normalized intensity variation based uncertainties used instead 

would wash out counting statistic contributions as low as these. However, in situations where 

coarse grained materials or smaller grain participation rates are encountered, the counting 

statistic contribution may become more relevant.  

As the 𝑟𝑝 value is difficult to quantify, a uniform participation rate of 10 pct may be too 

generous for many instrument setups. Therefore, a separate uncertainty calculation assuming a 𝑟𝑝 

of 1 pct has been performed. The results are found below in Table E.3. 

 

Table E.3: Uncertainty Estimation for a 𝑟𝑝 of 1 pct 

Grain Diameter 

(µm) 

γ uncertainty ND 

(pct) 

γ uncertainty hex 

(pct) 

α uncertainty ND 

(pct) 

α uncertainty hex 

(pct) 

4.1 γ; 20.5 α 0.4 0.2 4.6 2.6 

18 3.6 2.0 3.8 2.1 

 

A 1 pct participation rate led to much larger uncertainties, particularly for larger grains. 

The austenite uncertainties remained lower than 1 pct for a grain size of 4.1 µm. The 20.5 µm 

grain ferrite uncertainties instead reached 4.6 pct for the ND estimation and 2.6 pct for the hex 
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estimation. For the 18 µm grain estimations, the uncertainty was above 2 pct for both phases and 

schemes. The uncertainty estimates for a 𝑟𝑝 of 1 pct are large enough to rival some of the 

uncertainties found in the hex measurements (Figure 4.9) using the normalized intensity method 

[6]. Counting statistic uncertainties this large may noticeably affect the data collected between 

measurements. 

The results indicate that counting statistic uncertainties may affect repeatability 

depending on instrument parameters. The two largest driving factors seem to be participation rate 

and grain size. Which participation rate is more accurate for typical experimental setups is not 

certain. Measurements of large-grained materials are more highly susceptible to larger counting 

uncertainties. The grains in the duplex material were sufficiently large that the uncertainty 

estimation was deemed valuable. The calculation procedures at the least provide a framework for 

better characterization of the counting uncertainties in the future. Potential options for reduction 

of the counting uncertainties include ensuring a large illuminated volume and large receiving 

window are used in the XRD measurement. 
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APPENDIX F: POLISHING PROCEDURES USED IN THIS WORK 

A pressure of at most 8 psi was used throughout the polishing process. A head speed of 

75 rpm and base speed of 150 rpm, with each set for counter-rotation, were used at all steps. 

Between polishing sessions, the sample surface was rinsed with cold water while being lightly 

brushed by a SoftSoap coated cotton ball. Once any media had been removed, the surface was 

rinsed with Isopropyl alcohol and dried via a heat gun set to low and held at least 6 inches from 

the surface. The surface was inspected for scratches before continuing to the next step, as well as 

other defects such as exposed pockets forming at the contact edge between the Bakelite and 

specimen surface. If scratches appeared suddenly after several sessions at a single media size, the 

pad was considered to be contaminated and replaced. Exposed pockets could trap media, and 

potentially lead to delamination of the specimen from the mount. When observed, the effected 

samples were cleaned via ultrasonic baths in an isopropyl alcohol filled beaker to avoid cross 

contamination to polishing pads. Isopropyl could eventually dissolve the superglue adhesive 

holding the specimens, but the process was slowed greatly by the small exposed area of adhesive 

at the specimen edge.  

Material removal was tracked using a dial gauge of 0.0001” precision. A single sample 

from a batch was taken for measurement at regular intervals, and measured at a single marked 

corner of the metal specimen. The specimen chosen for measurement was one which had been 

ruled out from use in testing during initial recast layer removal. The specimen exhibited uneven 

removal of the recast layer near its center, indicating the surface was not completely flat. The 

material removal rates of the other samples were assumed to be near identical, as the specimens 

were produced from a single batch and began with identical geometry.  

Silicon carbide-bonded paper media of 600, 800, and 1200 ANSI grit were used to 

remove the recast layer left by the EDM process. The SiC paper polishing steps utilized water 

lubrication throughout. Subsequent polishing used diamond suspension media of 6 µm, 3 µm, 

and 1 µm on LECO Imperial 12” cloths. During diamond polishing steps, the cloth was 

“charged” as needed with Ultra-lap diamond extender or additional suspension to ensure 

sufficient lubrication of the cloth. A deformation layer of 10x the previous media's average 

particle size was assumed. The assumed deformation layer was completely removed before 

transitioning to the next smaller media size. The final polishing step consisted of a vibratory 
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polish utilizing a 0.05 µm colloidal silica suspension, and lasted 15 hours. Due to the combined 

chemical-mechanical attack provided by colloidal silica, it was assumed that no further damage 

layer was produced. For demounting, the samples were placed in an oscillating bath of acetone to 

break down the adhesive until the specimens released from the Bakelite mounts.  

The sample preparation procedures used in the production of the specimen measured in 

this study will be improved upon for future experiments. As previously discussed, the final 

sample size differed between specimens. An indication of uneven removal rates, potential causes 

included the previously mentioned curvature of the specimen, preferential removal at the 

specimen edge, or error in the mounting position. Ultimately, a single specimen retained the 

correct geometry for a through-thickness view. A more consistent mounting method was used for 

further sample production, and consisted of mounting the specimen in cold-curing epoxy. The 

EDM-cut surface remained exposed, and the opposite surface was reinforced with squares of 

acrylic attached by adhesive. The acrylic helped maintain a flat surface, as the specimens had 

developed a slight concave curvature towards the EDM cut surface. As for the polishing steps, 

the long polishing times required to remove the previously assumed deformation layer may have 

been unnecessary. The data cited in 0 describes deformation layers far smaller than the 10x 

media assumption. Moving forward, a deformation layer of at most 3 times the previous media 

size appears to be more than sufficient. 
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APPENDIX G: THEORETICAL INTENSITY ADJUSTEMENT 

 The theoretical intensities 𝑅𝑋
ℎ𝑘𝑙 were calculated using a spreadsheet previously developed 

for phase fraction calculations [43]. The spreadsheet did not originally include the calculation of 

the austenite (222) peak, which was used in the study. The cell volume, structure factor, Lorentz 

Polarization factor, and Debye-Waller temperature factor had to be calculated for the new peak.  

The volume of the unit cell 𝑣 was calculated using Equation G.1. 

 

 𝑣 = [𝑑2(ℎ2 + 𝑘2 + 𝑙2)1/2]
3
 (G.1) 

  

The value d was the lattice parameter, which was solved for using the Bragg condition 

(Equation 2.1) with the θ angle at which the center of the fitted γ (222) peak was located and the 

wavelength λ of copper radiation. The h, k, and l are the hkl indices for the peak.  

 The structure factor calculation first required determining the atomic scattering factors on 

a per-element basis. Atomic scattering data from Cullity et al [11] was pulled on a per-element 

basis for the peak using the radiation source wavelength and peak θ angle. Each scattering value 

was then scaled by the weight fraction of the relevant constituent. The scattering values were 

then summed to produce the structure factor 𝐹. 

The Debye-Waller temperature factor 𝑒−2𝑀 was recalculated for all peaks, including the 

new γ (222) peak, to account for the high alloying content of the duplex stainless steel. A linear 

interpolation was performed to estimate the Debye temperature ∅ based upon the chromium 

content of the duplex sample [15]. The M component of the Debye-Waller temperature factor 

was then estimated using Equation H.2, which is only applies to cubic crystal materials [11]. 

 

 𝑀 =
6ℎ2𝑇

𝑚𝑘∅
[𝜑 (

∅

𝑇
) +

𝑇

4∅
] (
sin 𝜃

𝜆
)
2

 (G.2) 

  

For Equation G.2, h is Planck’s constant, m is average atomic mass, and k is Boltzmann’s 

constant. T is the absolute temperature of the material (here approximated as 293 K), and ∅ the 
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Debye temperature. The function 𝜑 (
∅

𝑇
) was instead taken from tabulated values [11]. The 

wavelength 𝜆 was taken for copper Kα1 radiation, and the angle 𝜃 was taken from the center of 

each fitted peak. 

 The Lorentz-polarization factor LP was also calculated for the additional γ (222) using 

Equation G.3 [11]. 

 

 𝐿𝑃 =
1 + cos2 2𝜃

sin2 2𝜃 cos 𝜃
 (G.3) 

 

The Lorentz-polarization factor consists entirely of trigonometric terms using the 𝜃 value taken 

from the center of each peak.  

 The theoretical intensities 𝑅𝑋
ℎ𝑘𝑙 were then calculated using Equation 2.5, which is 

repeated here for convenience. 

 

 
𝑅𝑋
ℎ𝑘𝑙 =

(|𝐹|2𝑝𝐿𝑃𝑒−2𝑀)

𝑣2
 (2.5) 
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APPENDIX H: ADDITIONAL HEATMAPS 

Additional heatmaps were produced for the 30-f, 5-f, and 5-p hex schemes. These are 

found in Figures H.1, H.2, and H.3. The scale in each remains the same as Figure 4.5 and 4.6. 

The heatmap in Figure H.1 exhibits low error, corroborating the results in Subfigure 

4.3.a. The absolute error range for the 5-f results in Figure 4.3.a was +0.001 to -0.001 vol. 

 

Heatmap of 5-f simulation results for components with a half-width of 20° 

 
Figure H.1: Heatmap consisting of the simulation results of all texture combinations 

of 20° half-width for the 5-f scheme. 

  

The scatter increased slightly for the 5-p scheme results in Figure H.2 over the 5-f results, 

again matching the full texture combination results (Subfigures 4.3.a and 4.4.a). The absolute 

error range for the 5-p results in Figure H.2 was +0.008 vol to -0.007 vol. 

The 30-f scheme results contain larger error than the 5-f and 5-p, as would be expected 

from Subfigures 4.3.a, 4.3.d, and 4.4.a. The absolute error range for the 30-f scheme was +0.009 

to -0.006. The phase fractions remained within the ±5 pct relative error limit. 
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Heatmap of 5-p simulation results for components with a half-width of 20° 

 
Figure H.2: Heatmap consisting of the simulation results of all texture combinations 

of 20° half-width for the 5-p scheme. 

 

The variation from the imposed phase fraction of 0.25 vol was minimal in Figures H.1, 

H.2, and H.3. As such, the three figures were not included in the primary results (Chapter 4). 

Some variation is still noticeable in the heatmaps, and follows similar trends to those shown in 

Chapter 4. However, the error ranges were small enough that including the values themselves 

inside each square was necessary to distinguish any variation at all.  
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Heatmap of 30-f simulation results for components with a half-width of 20° 

 
Figure H.3: Heatmap consisting of the simulation results of all texture combinations 

of 20° half-width for the 30-f scheme. 
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APPENDIX I: RESIDUAL MAGNETIC CHARACTERIZATION 

Samples of a fully austenitic 201 stainless steel were measured for magnetic field 

strength change after application of several sectioning methods [49]. The samples were sectioned 

and their magnetic signal measured. The samples were then exposed to a permanent neodymium 

magnet’s field. The residual magnetization was measured once removed from the field. As 

austenite is not ferromagnetic, any magnetic signal remaining indicated a relative amount of 

transformed material. The results were compared to determine the relative deformation produced 

by each sectioning method. The methods considered included shear, waterjet cutting, and various 

abrasive saw cutting. 

The residual magnetic field strength of each sample is presented, in mT, in Table I.1 [49]. 

The field strength was strongest for the shear sectioned sample, but the diamond abrasive saw 

produced a relatively high value as well. Of the sectioning methods considered, a silicon carbide 

or aluminum oxide abrasive saw blade produced the lowest magnetic signals. 

The results of the magnetic measurement provided insight into the ideal sectioning 

methods for samples, but also indicated an exceptionally high damage layer for the diamond 

abrasive blades. The damage layer produced by the diamond abrasive was expected to be near a 

similarly aggressive medium, i.e. the aluminum oxide or silicon carbide abrasive saws. Instead, 

the magnetic signal from the diamond abrasive saw is an order of magnitude larger, indicating a 

separate mechanism caused significantly more damage. 

 

Table I.1: Residual magnetic field strengths after sectioning 

Sectioning Method Field Before Magnet (mT) Field After magnet (mT) 

Waterjet 0 -0.08 

LECO abrasive saw -0.002 -0.03 

Acutom abrasive saw -0.002 -0.025 

Diamond saw -0.001 -0.284 

Shear -0.02 -1.24 

 

The increased damage effect for diamond abrasive media has previously been noted in 

Dieter [50], and is described as driven by the interaction between exposed carbon atoms in the 

steel and diamond. To the author’s knowledge, the mechanism described there has not been 
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directly observed. However, the evidence of some damage-increasing effect is readily shown in 

the residual magnetic field. As such, the use of diamond abrasive saws for sectioning of damage-

sensitive steel samples was avoided throughout this study. In cases where an equivalent abrasive 

saw is needed, cubic boronitride blades are considered suitable for the sectioning of steel. 

 


