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Abstract

Advanced high strength steels (AHSS) play a prominent role in the automotive industry due to
their unique combinations of strength and ductility—essential material properties for
manufacturing lightweight vehicles that meet global regulations for fuel economy, vehicle
emissions, and passenger safety. Precise thermal control during intercritical annealing is crucial
to achieving the mechanical properties of AHSS. Unfortunately, steel manufacturers report
unacceptably high rejection rates for AHSS due to substandard mechanical properties. This
problem is often attributed to temperature excursions during intercritical annealing of the AHSS,
which can be caused by errors in the pyrometrically-inferred temperatures used to control the
furnaces. Measuring the temperature of the steel strip through pyrometry requires detailed
knowledge of the spectral emissivity of the steel strip, which is imperfectly known since it varies
with wavelength, direction, temperature, surface roughness, and oxidation, the latter depending on
alloy composition and processing conditions. Therefore, wavelength-dependent variations in the
spectral emissivity of AHSS lead to errors in pyrometry measurements during intercritical

annealing, which in turn affect the mechanical properties of the steel.

In pyrometry, a temperature estimate is typically obtained using spectral irradiance
measured from the steel strip in combination with an emissivity compensation algorithm that
assumes or prescribes an underlying emissivity relationship based on the number of detection
wavelengths. While various emissivity compensation approaches have been developed for
mitigating pyrometer errors caused by uncertain spectral emissivity, none have been specifically
designed for AHSS. Hence, these methods do not adequately capture how the evolving surface
state of annealing AHSS affects the spectral emissivity and thus the resulting pyrometrically-
inferred measurements. Further, existing pyrometry algorithms only provide a point estimate of
the surface temperature, making it impossible to assess the reliability of the estimates. To address
these challenges, this dissertation aims to develop robust pyrometry methods for AHSS that

provide accurate and precise temperature estimates with its associated uncertainties.
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This thesis starts by presenting an empirical approach for modelling the spectral emissivity
of advanced high strength steel based on response surface methodology (RSM). Using ex situ
measurements on annealed dual-phase AHSS samples (DP980), variation in the spectral emissivity
with respect to dew point, alloy composition, pre-annealed surface state, and wavelength is
analyzed using full factorial designs. The significant main and interaction effects were found to
vary across the spectral range, with the ratio of alloy components and pre-annealed surface state
dominating at shorter and longer wavelengths, respectively. Furthermore, the factorial design of
experiments was used to develop a novel multivariate emissivity model capturing the effects of
dew point, alloy composition, pre-annealed surface state, and wavelength on the emissivity of

dual-phase AHSS.

To extend the investigation to the high-temperature spectral emissivity variations during
intercritical annealing, a laboratory-scale annealing simulator representative of the industrial
furnace conditions was designed and fabricated to enable in situ pyrometry and emissivity
measurements on AHSS samples. With lab-scale experiments that simulate the annealing and
temperature control process of an industrial continuous galvanizing line (CGL), the in situ effect
of process parameters, such as chemical composition, annealing temperature, and atmosphere dew
point, on the radiative properties of AHSS was observed and modelled. Using in sifu measurements
from DP980 alloys heated in the annealing simulator, the suitability of existing pyrometry models
for accurately predicting the surface temperature of AHSS was examined. By comparing the
performance of several dual-wavelength (ratio) and multi-wavelength pyrometry algorithms, it
was observed that both methods over-predict the surface temperature; however, the predictions of

the multi-wavelength algorithm were generally superior.

Given that the spectral emissivity varies significantly with the surface properties of the
AHSS coil and further evolves with surface oxidation during annealing, this thesis also
investigated the effect of the annealing atmosphere on the radiative properties of dual phase AHSS
(DP980) using in situ spectral emissivity measurements from samples annealed within a reducing
N2-Hz atmosphere at dew points ranging from —45°C to +10°C, with an annealing schedule similar
to that of industrial continuous galvanizing lines (CGLs). The analysis further explored the effect
of variations in oxidation kinetics by comparing the radiative properties of DP980 replicates

annealed with the same heating schedule and dew point. It was also discovered that low-



temperature oxidation of the native oxide of AHSS impacts the evolving spectral emissivity during
intercritical annealing. In addition, a comparison of evolving spectral emissivity of dual-phase
AHSS alloys against that of a standard EDDS grade IF steel showed that in situ emissivity

measurements could potentially identify the formation of mixed/ternary oxides during annealing.

Furthermore, this thesis also evaluated the ability of ex situ measurements to capture
temperature-dependent variations in emissivity due to electron mobility as described by the Drude
model and the Hagen-Rubens theory. The ex sifu radiative properties were found to underpredict
the in situ spectral emissivity, especially at lower temperatures and at shorter wavelengths. This
underprediction was also shown to significantly impact the accuracy of pyrometry estimates at
those temperatures. The ex situ measurements were also used to validate the annealing simulator

against an industry-standard galvanizing simulator.

Finally, with the ultimate objective of improving the robustness of pyrometrically-inferred
temperature measurements, this dissertation presents a Bayesian pyrometry methodology in which
all pyrometry variables including the measured spectral irradiance, spectral emissivity and
inferred-temperature are expressed as random variables that obey probability density functions.
Additional information about the spectral emissivity from ex situ characterization were first
incorporated into the inference through maximum likelihood priors. The prior and measurement
densities were propagated through Bayes’ equation to obtain the posterior densities. The posterior
densities provide the pyrometrically-inferred temperature and, crucially, its associated
uncertainties. Compared to standard pyrometry methods that provide a point estimate of surface
temperature, the Bayesian framework infers the measurement uncertainty via the posterior
probability density, which will allow galvanizers to better assess the reliability of the
pyrometrically-inferred temperature. The credibility interval of the temperature posterior was
further narrowed by defining a multivariate in situ emissivity prior conditioned on the annealing

dew point and the equivalent blackbody temperature.

Overall, by investigating the behaviour of the spectral emissivity of AHSS during processing,
specifically how it evolves with material properties and processing parameters, this thesis presents
a comprehensive empirical approach to developing emissivity compensation algorithms that
improves the accuracy and reliability of pyrometric temperature predictions on AHSS during

annealing.
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This section presents the nomenclature and symbols used throughout the thesis. Given that the
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another list.
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Chapter 1
Introduction: Pyrometry of AHSS

With strict global regulations surrounding vehicle emission and crash performance, automotive
manufacturers increasingly turn to lightweighting to improve fuel efficiency and reduce emissions
from fossil-fuelled vehicles, and to extend the range of electric vehicles. One key material enabling
this is Advanced High-Strength Steels (AHSS)—steel alloys with complex microstructures that
provide the high strength-to-weight ratios and formability essential for automotive lightweighting.
Compared to other expensive low-density materials, such as aluminium, magnesium, and carbon
fiber composites, AHSS alloys may be used to develop automotive parts that meet crash safety
standards while reducing vehicle weight by up to 39% and eliminating 50% to 70% of the carbon
emissions produced over the life cycle of the vehicle [1, 2].

AHSSs derive their high yield strength and ductility through a highly engineered
microstructure, which is achieved via a precisely controlled, alloy-dependent intercritical
annealing process. Generally, the steel industry needs to control the intercritical annealing process
within +2 to +4°C of the desired annealing temperature, especially for second and third generation
AHSS grades. However, in recent times, steelmakers report AHSS rejection rate as high as 30%
[3] due to substandard mechanical properties, both in terms of strength and zinc layer adhesion.
Nonuniform heating has two potential origins. First, uncertain radiative properties lead to errors in
the pyrometrically-inferred temperatures used to control the annealing furnaces. Second,
uncertainty in the heating rate during intercritical annealing, potentially due to inefficient furnace
design and operation, leads to non-uniform irradiation of the AHSS strip, which produces local
variations in the temperature along the coil [4, 5]. The combination of these factors compounds
into significant temperature excursions. The resulting substandard mechanical properties cost
steelmakers millions of dollars annually, while impeding the development of vehicles with
improved crashworthiness and fuel efficiency. This thesis will focus on a key cause for substandard

AHSS properties—namely, errors in the pyrometer measurements.
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Accurate pyrometry estimates are challenging due to the lack of detailed knowledge on the
radiative properties of AHSS, specifically, the spectral emissivity, which defines the efficiency
with which a material emits thermal radiation as a function of wavelength, temperature, and
direction. The spectral emissivity of AHSS is imperfectly known as it varies with the as-received
properties of the steel—specifically alloy composition and surface roughness— and further
evolves during annealing due to temperature, dew point, and other process parameters. These
uncertain wavelength-dependent variations in spectral emissivity cause errors in pyrometrically-
inferred temperatures, which, in turn, can induce thermal excursions during processing and
deficient mechanical properties in the steel. Further, current pyrometry methods only provide a
point estimate of the surface temperature, making it impossible for steelmakers to assess the
reliability of the estimates.

In pyrometry, the unknown spectral emissivity is usually inferred simultaneously with the
steel temperature using intensities measured at one or more wavelengths, typically by assuming or
prescribing an underlying emissivity relationship based on the number of detection wavelengths.
This relationship, often referred to as an emissivity compensation algorithm, can either be a
constant, in the case of the single-wavelength pyrometry, or an emissivity ratio or function for
dual-, and multi-wavelength pyrometers [6]. Several studies have developed emissivity
compensation approaches for dual- and multi-spectral pyrometry methods on metals, in order to
mitigate pyrometer errors caused by uncertain spectral emissivity [7-16]. However, none of these
methods adequately addresses how the spectral emissivity of automotive AHSS alloys varies with
interdependent material properties and processing conditions. Thiessen et al. [17] showed that
using a quotient pyrometer (i.e., dual-spectral/ratio pyrometry method with greybody
approximation) on transformation induced plasticity (TRIP) AHSS alloys produced temperature
deviations of up to 52 K due to the emissivity fluctuations caused by an oxide layer that forms on
the steel surface during annealing. Thermal excursions caused by pyrometry errors impact the
microstructure and mechanical properties of advanced high-strength steels (AHSS) significantly.
Mosser et al. [18] showed that, for an annealed dual-phase (DP980) AHSS alloy, temperature
deviations of 50K below the nominal temperature negatively impacted the yield strength of the
steel, while deviation of 50K above the nominal temperature compromises the elongation at

failure, affecting the ductility of the steel.
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To address the lack of a pyrometry approach tailored specifically to the complex
interdependent properties of AHSS, the International Zinc Association (IZA)’s Galvanized
Autobody Partnership (GAP) program, a global consortium of steel producers, automakers, and
equipment manufacturers, commissioned this research project with the goal of developing robust
pyrometry methods that minimize the thermal excursions caused by inaccurate estimates, thus,

increasing the production of prime, high-quality AHSS materials.

1.1. Thesis objective and document overview
This thesis focuses on developing a robust pyrometry method that accounts for how the spectral
emissivity of AHSS varies with temperature, interdependent material properties (including alloy
composition, surface roughness, oxide film thickness), and annealing process parameters (such as
dew point and atmospheric temperature). More importantly, this research aims to combine this
robust emissivity model with an uncertainty estimation technique that quantifies the measurement
uncertainty associated with the pyrometrically-inferred temperatures. While this thesis focuses on
intercritical annealing of dual-phase AHSS alloys (DP980), the methods developed in this work
can be extended to any AHSS grades and other materials requiring infrared temperature estimates,
thereby enhancing pyrometry applications beyond AHSS.

Figure 1.1 gives an overview of the content of this dissertation, highlighting the primary
research question addressed in each chapter. This thesis consists of eight core chapters, excluding
the introduction and concluding chapters:

e Chapter 2 provides background knowledge required to understand the complex
interdependent relationship between alloy chemical composition and annealing process
parameters influencing accurate pyrometry of AHSS. This chapter starts with an overview of
AHSS alloys, their properties, and the intercritical annealing process employed in continuous
galvanizing lines to impart the desired mechanical properties. This is followed by a review of
the principles of pyrometry, and a summary of existing methods typically used to compensate
for variations in the spectral emissivity of metals.

e Chapter 3 presents a new multivariate emissivity model that elucidates the interdependent
relationship between the surface state and radiative properties of AHSS. This leverages

factorial design of experiments to capture the parametric effects of dew point, alloy
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composition, pre-annealed surface state, and wavelength on the ex sifu normal emissivity of
dual-phase AHSS alloys.

Chapter 4 introduces the features and design of the chamber used to conduct in sifu pyrometry
and radiative measurements, simulating the industrial intercritical annealing process.
Chapter 5 looks at in situ time-resolved spectral emissivity and pyrometry measurements
carried out on dual phase AHSS alloy (DP980) heated in the annealing chamber. It provides
crucial insights into the temperature-dependent effects that takes place during annealing,
specifically how the evolving surface influences the radiative properties and consequently, the
pyrometrically-inferred temperature.

Chapter 6 proposes the Bayesian framework for estimating the pyrometrically-inferred
temperature and, crucially, its associated uncertainties. Spectral emissivity measurements
obtained through ex situ characterization are incorporated into the inference through maximum
likelihood priors that describe the expected variations in radiative properties. Existing
pyrometry methods only provide a point estimate of surface temperature; however, inferring
the posterior probability density with the Bayesian framework will allow galvanizers to better
assess the reliability of the pyrometrically-inferred temperature.

Chapter 7 examines the effect of internal and external selective oxidation on the radiative
properties of DP980 alloy by varying the oxidation potential (i.e., dew point) of the annealing
atmosphere. This chapter provides an in situ analysis of the interdependent effect of dew point,
temperature, and time on the spectral emissivity of a DP980 AHSS alloy, and how they impact
the pyrometry estimates. Using the Bayesian pyrometry framework, this chapter examines the
feasibility of having a single pyrometry model that compensates for spectral emissivity
variations across different AHSS processing conditions.

Chapter 8 is a comparative analysis of the ex situ and in situ radiative properties of annealed
DP980 alloy. Investigating the difference between the temperature-dependent variations in
spectral emissivity observed in situ and ex situ provides insight into the impact of low
temperature oxidation on the radiative properties of AHSS. Comparing pyrometry error
resulting from the difference between the ex situ and in situ emissivity measurements
highlights why accurate pyrometry needs to account for temperature-dependent variations in

the optical properties of the composite metal-oxide AHSS surface.
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e Chapter 9 presents a conditional stochastic prior for the imperfectly known spectral emissivity
that explicitly incorporates the covariate dependence of the radiative properties on the
annealing dew point and the equivalent blackbody temperature. The narrower credibility
interval obtained with this approach significantly improves the accuracy of the temperature
posterior. In addition, this chapter highlights the impact of selective oxidation and pre-annealed
surface topography on the radiative properties of AHSS by comparing the in situ emissivity of

two dual phase alloys (DP980 and DP780) against a standard EDDS grade IF steel.
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Chapter 1: Research objective
Importance of accurate pyrometry of AHSS

Research Question:
How can the evolving €, be better modelled while
quantifying the measurement uncertainty?

Chapter 2: Background and literature review
What is known about AHSS and pyrometry

Chapter 6: Bayesian pyrometry model
* Probabilistic framework for quantifying the uncertainties associated

Research Question: with pyrometry estimates

how does the spectral emissivity (g,) of AHSS, crucial for + Constructinga sample-based &, prior from ex situ measurements
accurate pyrometry, vary with process parameters?

Research Question:
Chapter 3: Multivariate spectral emissivity model Is the ex situ &, prior more robust to variations in process

Using ex situ measurements from annealed AHSS to parameters compared to existing pyrometry algorithms?
explain emissivity variation with wavelength, surface

roughness, dew point and alloy composition

Chapter 7: Effect of dew point on spectral emissivity
* Insitu temporal &, variation with dew point and temperature
Research Question: * Comparing temperature predictions for the various dew points
How exactly does &, vary with temperature obtained with existing algorithms vs. ex situ €, prior
during intercritical annealing?

Research Question:
Chapter 4: Building a simulator for AHSS processing Does constructing the g, prior from in situ vs.
Designing a chamber that provides in situ emissivity and ex situ measurements affect the results?
temperature measurement on annealing AHSS

Chapter 8: In situ vs. ex situ spectral emissivity
Comparison of the temperature-dependent variations in
radiative properties captured with ex situ and in situ
characterization

Chapter 5: Evolving emissivity during annealing
* Insitu g, variation with time and temperature
* Impact of g, variation on temperature estimates obtained
with existing pyrometry algorithms

Research Question:
Can the accuracy of the temperature posterior satisfy the
desired temperature control window of +2°C to +4°C?

Chapter 9: Conditional emissivity prior
Improving the temperature posterior estimates by defining a
conditional emissivity prior that varies with annealing dew
point and equivalent black body temperature

Chapter 10: Conclusion and future work
* Summary of knowledge contributions
* Proposed future research directions

Figure 1.1. Graphical overview of the dissertation chapters and the key research question
addressed in each chapter.
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Chapter 2
Background and literature review: AHSS and
pyrometry

This literature review chapter consists of two main sections. The first section describes the
continuous galvanizing line and the intercritical annealing process used to produce AHSS. The
effect of the annealing atmosphere on the selective oxidation of AHSS and thus its spectral
emissivity is also discussed. The second half of this chapter introduces the equations that govern
pyrometry and the passive emissivity compensation techniques that have been developed to

improve the accuracy of pyrometry measurements on metals.

2.1. Advanced high strength steel (AHSS) alloys

Advanced high strength steels (AHSSs) are steel grades with complex multiphase microstructure
produced by specific chemical composition and a precise thermomechanical process [1]. AHSSs
contain iron and carbon with varying amount of alloying elements, such as manganese, silicon,
chromium, nickel, and molybdenum, which allows the formation of the complex microstructure
of multiple phases, including ferrite (), austenite (y), martensite (o), cementite (Fe3C), pearlite
(lamellar o+FesC), bainite (non-lamellar a+Fe3C), and retained austenite, in carefully selected
combinations to deliver strength and formability. Although some mild steels and conventional high
strength steel (HSS) grades, including interstitial-free (IF) steel, high-strength low-alloy
steel (HSLA) and bake hardening (BH) steels, also contain alloying elements, they are in minimal
quantities and the tensile strength (TS) of these steels are typically below 700MPa, or yield
strengths (Y'S) below 550MPa [19]. AHSSs typically contain higher amounts of alloying elements,
which gives them higher tensile strengths and ductility as shown in Figure 2.1. The distinction
between the different grades of specific AHSS and HSS alloys are not always clear cut as steel
manufacturers use different classification for their alloys either in terms of yield strength (i.e.,
maximum stress beyond which the steel alloy begins to permanently deform), tensile strength (i.e.,

maximum stress beyond which the steel alloy fails and fractures) and/or total elongation (i.e., total
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strain experienced by the steel alloy at the point of failure) [19, 20]. However, ASTM’s steel
standards [21-23] provide mandatory guidelines and requirement for the chemical composition,
mechanical and metallurgical properties of the various grades of mild and high strength steel alloy.

In terms of weight per gauge, the density of AHSSs is similar to that of traditional steels,
but their higher specific strength-to-weight ratio means that automobile manufacturers can achieve
the required structural strength and integrity with thinner gauges to reduce the overall vehicle
weight, which is called “down gauging” [19]. Therefore, AHSSs are the often viewed as the most
affordable high performing material for automotive lightweighting, especially when compared to
other ferrous, nonferrous or composite low-density materials, such as cast iron, aluminium alloys,

magnesium alloys, titanium alloys, polymers, and carbon fiber composites [19, 24].

O Mild Steels
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Figure 2.1. Global formability diagram comparing the total elongation and ultimate tensile
strength (UTS) for mild steels, conventional high strength steels, and advanced high strength
steels (AHSSs) [25].

AHSSs are generally classified into grades and generations based on their mechanical
properties and the microstructure in terms of the phase of the steel [19]. First generation AHSSs
have a ferrite-based microstructure that provides them with increased strength relative to mild or
conventional steel, but very limited formability as seen in Figure 2.1. Second generation AHSSs
exhibit a fully stable austenitic microstructure due to the addition of high amounts of alloying
elements (e.g. Mn, C, Ni, Al, Si). Consequently, second generation AHSSs offer significantly

improved strength and ductility, making them more formable than first generation AHSSs.
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However, their high production costs and low manufacturing yields have limited their widespread
adoption. The shortcomings of the second generation AHSSs resulted in the ongoing development
of third generation AHSSs (3G-AHSSs) with the goal of offering high strength and enhanced
ductility at a reasonable cost [19, 26].

These grades of AHSSs play an important role in reducing greenhouse gas (GHQG)
emissions in the automotive industry. Vehicle lightweighting with AHSS leads to improved fuel
efficiency during use, thereby reducing overall GHG emission over the entire vehicle life cycle.
The material average GHG emissions from the primary production of steel can be 7 to 20 times
less than that of other low-density materials, such as aluminium, magnesium, and carbon fiber
reinforced polymers (CFRP) composites [1]. A study by the Steel Recycling Institute showed that
vehicles made with AHSS produced a lower total life cycle GHG emissions than those made from
aluminium for every class of vehicle tested [2]. The study also showed that vehicles made with
AHSS components produce a 30-60% reduction in pollutant emission in comparison to vehicles
lightweighted with aluminium (a popular alternative to steel), depending on the vehicle type i.e.,
sedans, pickups, SUVs, or HEVs.

This thesis will focus on dual-phase (DP) steels, the most widely used AHSS grade in the
automotive industry [24, 26, 27]. This first-generation AHSS has a duplex microstructure
consisting of soft ferrite matrix interspersed with islands of hard martensite [19, 28]. DP steel
provides an excellent combination of high strength, lower yield strength to tensile strength ratio,
continuous yielding (i.e., smooth transition from elastic deformation to elastic-plastic deformation
[29]) and improved ductility, especially when compared to HSLA steel of the same tensile
strength, as shown in Figure 2.2 [24, 28, 30]. Dual-phase AHSS, due to its high work hardening
rate, provides excellent fatigue strength and crash energy absorption, making it a critical material
for improving crash safety performance in the crumple zones and safety cage components of

vehicles [1, 31, 32].
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Figure 2.2. Stress-strain curve comparing the mechanical properties of dual-phase steel, high
strength low alloy (HSLA) steel and plain carbon [24].

2.1.1. Continuous galvanizing lines (CGLs)

Industrially, cold-rolled and hot-dipped AHSS products are produced using continuous
galvanizing lines (CGLs) like the schematic shown in Figure 2.3. The original continuous hot dip
galvanizing process was developed and patented by Tadeusz Sendzimir in 1934 [33, 34]. First,
incoming full hard cold-rolled coils from the cold reduction mill introduced at the line entry are
uncoiled and welded to existing coils so the process remains continuous. The welded steel strip
undergoes alkaline cleaning to remove dirt and surface contaminants. Next, the strip is heat treated
in the furnace based on prescribed heating schedule to obtain the desired mechanical properties.
The furnace section of the CGL can either be fired directly using a Direct-Fired Furnace (DFF) or
indirectly using a Radiant Tube Furnace (RTF), depending on the target temperature and the
heating schedule [34]. The heat treatment furnace is filled with a dew point-controlled mixture of
nitrogen and hydrogen to create a reducing atmosphere to control the oxidation of the steel during

intercritical annealing.
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Figure 2.3. Schematic of a typical continuous galvanizing line showing an array of pyrometers
in the annealing furnace. Adapted from Ref. [33].

Upon exiting the annealing furnace, the steel is cooled from the peak annealing temperature
at a carefully controlled cooling rate to obtain the desired hard-phase microstructure. The steel
strip is then introduced into a molten zinc pot via a “snout” when it is at or slightly above the
melting point of the zinc alloy, typically by 2 to 3°C [34]. The zinc pot is typically maintained at
a temperature corresponding to the melting point of the zinc alloy, which generally ranges from
450°C to 470°C [35]. Accurate pyrometry is also required to ensure that the steel strip is introduced
into the zinc pot at the right temperature, as otherwise a significant temperature mismatch between
the strip and the zinc pot prevents proper zinc layer adhesion to the substrate steel, leading to poor
corrosion performance. Air knives are located at the exit of the zinc pot to control the coating
weight on both sides of the steel strip as the steel heads to the final cooling section to solidify the
coating on the steel surface. For some applications, the zinc-coated steel is further heated in a
galvannealing furnace, immediately following the air knives, to produce a zinc-iron intermetallic
coating. The zinc-coated AHSS products are known as galvanized (GI), while AHSS alloys with
the zinc-iron intermetallic coating are referred to as galvannealed (GA). Other coating variations
such as galfan and galvalume are also produced on the CGL by increasing the aluminium of the
zinc bath to 5 wt.% and 55 wt.% respectively, which is significantly higher than the <0.3 wt.% Al

content found in a typical galvanized zinc bath [36]. These coatings are important for corrosion
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resistance of the steel with the GA coating offering other benefits including enhanced formability,
paint adhesion and weldability [37]. After cooling, the coated steel goes through post-processing
sections, which includes the skin-pass/temper mill, tension leveler, chemical treatment, oiler, and

recoiler, before it finally exits the CGL.

2.1.2. Intercritical annealing of AHSS

Transformational strengthening is the primary mechanism for modifying the mechanical properties
of AHSS and therefore, precise thermomechanical processing of AHSS is crucial to achieving the
desired microstructure and mechanical properties [1, 19]. The strength of dual-phase AHSS
depends on the martensitic volume fraction of the steel, and a carefully controlled heating and
cooling process is required to transform unprocessed (as-received) steel from its ferrite-cementite
(a+Fe3C) structure to a martensite containing multiphase structure [19, 38].

The heating process for AHSS is referred to as intercritical annealing, as the steel strip is
heated to and held at a temperature in the intercritical region between 41 (eutectoid temperature)
and A3 (upper critical temperature) to achieve a mixed ferrite-austenite (a+y) microstructure [19].
The iron-carbon phase diagram indicating the intercritical annealing temperature region is shown
in Figure 2.4. In the intercritical region, there is a stable mix of ferrite and austenite depending on
the carbon content of the steel and temperature. Annealing the AHSS strip at high intercritical
annealing temperature, closer to the 43 line, produces high austenite fractions of decreased average
carbon content compared to austenite formed at lower intercritical temperatures, because the
available carbon is distributed over a larger volume of austenite. This results in a higher amount
of austenite available for further transformations, but the lower carbon content in the austenite
would result in non-homogenous distribution of hardness after quenching especially if the carbon
is not uniformly distributed within the austenite, i.e., poor hardenability due to localized
differences in hardness [19]. On the other hand, a lower intercritical annealing temperature closer
to the A1 line produces low austenite fractions with high carbon content, which improves
hardenability, but only a small amount of austenite would be available for further transformations
into hard phases like bainite or martensite upon cooling. For this reason, accurate pyrometry is
required to carefully control the steel temperature within the intercritical region to achieve the right

trade-off between austenite fraction and carbon content.
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Figure 2.4. The iron-carbon (Fe-C) phase diagram showing the intercritical temperature region
(red shaded area) for ferrite-austenite formation in steel. The pearlite phase consists of
alternating layers of austenite and cementite. The A1, A2, A3 and Acm lines are the critical
temperature boundaries for phase transformation where 41 is the temperature at which the
pearlite-to-austenite eutectoid transformation begins; 42 is the curie temperature for magnetic
transformation where the metal changes from ferromagnetic to paramagnetic; A3 is the
temperature at which the ferrite-austenite phase fully transforms into austenite in hypo-eutectoid
steel while Acm is the temperature at which the ferrite-cementite phase fully transforms into
austenite in hyper-eutectoid steel. Adapted from Ref. [20].
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Following intercritical annealing, the final multi-phase structure of the AHSS grade is
obtained by controlled cooling/quenching from the intercritical annealing temperature. Depending
on the cooling rate, the austenite microstructure formed during intercritical annealing can
decompose into pearlite, bainite, or martensite if the steel is slow-cooled, moderately-cooled or
rapidly-cooled, respectively [19]. The time-temperature transformation (TTT) and continuous
cooling transformation (CCT) diagrams of the steel can be used to the predict the final
microstructure of the decomposed austenite based on the cooling time and temperature [19].

Figure 2.5 shows a general schematic of the thermal processing cycle for dual-phase AHSS
alloys. The incoming cold-rolled strip is transformed into ferrite-austenite (a+ y) microstructure
by heating to and soaking at an intercritical annealing temperature above A1, but below A3. Prior
to the rapid quench required to transform the austenite to martensite, the steel can be slow-cooled
briefly, shifting the phase balance to increase the ferrite fraction while reducing the austenite
content [19, 39]. The steel is then quenched rapidly to a temperature below the martensite start
temperature (Ms) to prevent the formation of pearlite and bainite intermediate phases [27, 28]. It
is important to note that the actual value for the temperatures, 41, 43, and Ms, depend on alloy
composition and the phase equilibrium at the intercritical annealing temperature. As a result,
AHSS alloys with varying alloying content can have different phase transformation behaviors due
to their unique equilibrium phase boundaries, and CCT and TTT diagram. Therefore, accurate
pyrometry is essential to control and optimize the annealing temperatures and heating and cooling

rates that govern the phase transformation of the alloy.
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Figure 2.5. Schematic of the annealing cycle for processing dual-phase alloys indicating the key
temperatures and microstructure, where a is ferrite, y is austenite and o' is martensite. Ms is the
martensite start temperature at which the austenite begins to transform into martensite and Mr is

the martensite finish temperature at which the austenite becomes fully transformed into
martensite. Adapted from Refs. [19, 27, 28, 39].

2.1.3. Thermodynamic stability of AHSS oxides during annealing

During annealing, high-temperature oxides are formed when the alloy elements within the AHSS
react with an oxidant (e.g., oxygen, water vapor, or carbon dioxide) in the furnace atmosphere. In
a multi-oxidant gas atmosphere, the overall oxygen partial pressure experienced by the metal also

depends on the partial pressure ratio of CO and COz (i.e., Pco/Pco,) and the partial pressure ratio
of H2 and H2O (i.e., Pu,/PH,0). At constant pressure and temperature, the thermodynamic stability

of oxides is determined by the overall standard Gibbs free energy change for the metal oxidation
reaction. For most pure metals, the Ellingham diagram (a plot of standard Gibbs energies of
formation of oxides vs temperature) is typically used to determine whether the metal would form
an oxide at a given temperature based on the partial pressure of Oz, and/or the pressure ratios of
CO/COz and H2/H20 in the annealing atmosphere [40, 41].

AHSS alloys, specifically, are annealed in a single oxidant environment, usually water
vapour. The annealing atmosphere is a dew point (DP) controlled nitrogen-hydrogen gas mixture,

1.e., No— (5 to 20 vol.%) Ha, to prevent the oxidation of the steel surface via the reaction:
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MO, +yH, ->xM+yH,0 (2.1)

where M denotes a metal element within the steel and M:Oy is the corresponding metallic oxide.
Alloying elements such as Mn, Si, Al, and Cr readily segregate from the bulk material toward the
surface (external oxidation) and subsurface (internal oxidation) to form oxides in these locations
during annealing. The ability of these alloying elements to form stable oxides in the presence of
an N2-Hz atmosphere that is reducing to the native iron oxides of the steel is known as selective
oxidation [42]. The presence of these oxides on the steel surface prior to immersion in the molten
zinc bath can cause poor wettability and coating adhesion, which impacts the corrosion resistance
of the steel [43, 44]. Also, given that emissivity is a surface property, the formation of surface
oxides during annealing will produce spectral emissivity variations that influence the accuracy of
the pyrometrically-inferred temperature. Therefore, understanding the thermodynamic stability of
the equilibrium between the various metal species in the AHSS alloy and their oxides with respect
to the annealing atmosphere is critical towards understanding the radiative properties and
pyrometry of AHSS.

Figure 2.6 shows the oxygen partial pressure as a function of process temperature for Cr,
Fe, Mn, Al and Si oxides annealed within a 5% H2 reducing atmosphere at two dew points (—30°C
and +10°C). The oxygen partial pressures at equilibrium were obtained from standard Gibbs free
energies for water vapor and the oxide compounds as outlined in Appendix A. The oxygen partial
pressure (pO2) of the annealing atmosphere at a given dew point and temperature is a measure of
the oxidation potential of the atmosphere and does not physically translate into the number of O2
molecules in the atmosphere [45]. If the oxygen partial pressure of the atmosphere is higher than
the equilibrium oxygen partial pressure of the metal oxide, the metal will oxidize. Likewise, when
the oxygen partial pressure of the atmosphere is lower than that of metal oxide, the oxide will be
reduced. As expected, the stable selective oxides are predicted to form during annealing since the
equilibrium oxygen partial pressure curve for these oxides (MnO, Si0O2, Al20O3 and Cr203) fall well
below the oxygen partial pressure curves for the annealing atmosphere at both dew points.

For the oxygen potential curves in Figure 2.6, the activity of all the metal species is
assumed to be unity, i.e., the metallic oxides will exist in their pure condensed phase. In practice,
however, the alloying element activity would be obtained from the actual atomic or mole fraction

of the individual elements in the AHSS alloy, which would result in very small activity values for
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these alloying elements (<0.05) [46-48]. The lower activity values for the alloying elements (i.e.,
Mn, Si, Cr, Al) increases the equilibrium oxygen partial pressure of their selective oxides which

means that these oxides would be reduced at higher annealing temperatures and lower dew points.
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Figure 2.6. Thermodynamic stability of Fe, Cr, Mn, Si oxides with respect to annealing
temperature and oxygen partial pressure for two dew points (—30°C and +10°C) in a N2-5%H>
atmosphere.

An important observation from Figure 2.6 is that the 5% H2 annealing atmosphere is only
slightly reducing for the native iron oxides (FeO and Fe3O4) at temperatures below ~300°C and
~600°C for the —30°C and +10°C dew points, respectively. For the higher dew point (+10°C), the
equilibrium oxygen potential curves for the iron oxides coincide with the oxygen partial pressure
of the annealing atmosphere at high temperatures, which suggests that the formation of iron oxides
are thermodynamically favorable even with increasing process temperature. This indicates that the
surface oxides that may influence pyrometry estimates during annealing are not limited to selective
oxides, especially at lower temperatures.

Although the oxidation potential diagram indicates the tendency of the alloying elements
to oxidize under equilibrium conditions, it provides no information about the kinetics of the
oxidation reaction. The rate and extent to which the AHSS will form internal or external oxides

depend on the combination of the annealing temperature, dew point and oxygen partial pressure,
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surface preparation, pretreatment of the metal, concentration of alloying element, existing
peroxidation on the metal surface, annealing duration, among other factors [49]. External selective
oxidation is favorable at lower dew points (i.e., lower oxygen partial pressure) due to the greater
outward flux of less noble alloying elements compared to the inward flux of oxygen. The oxidation
process for AHSS alloys is even more complicated than the pure-metal oxidation scenario for
several reasons [41]. Each element in an AHSS alloy has unique diffusivity in the bulk metal and
tendency to oxidize as described by the Ellingham diagram. Also, in addition to binary oxides, the
alloying elements can form ternary or higher oxides with each of these oxides having varying

degrees of solubility [41, 50].

2.2. Pyrometry measurement model

Pyrometry, also known as radiation thermometry, refers to the remote sensing (non-contact)
measurement of the temperature of a target material by processing the radiant flux emitted from
the material. Steel manufacturers rely on temperature measurements from pyrometers to control
and maintain the desired thermal cycle within the annealing furnace and at other critical process
locations along the continuous galvanizing line (CGL). Due to their non-contact and non-

destructive nature, pyrometers can accommodate rapid line movements and strip vibrations
without scarring the materials [51]. Generally, the temperature range of interest is between 100°C
and 1500°C [52]; intercritical annealing temperatures for AHSS grades typically range from 600°C
to 850°C [47, 53].

Figure 2.7 shows the schematic of a typical pyrometry measurement. Most pyrometers are
equipped with a photonic detector (e.g., InGaAs) that releases electrons in proportion to incident
radiation intensity. The generated electrons are counted over a defined measurement interval and
then processed by the analog-to-digital converter (ADC) into a signal that can be analyzed by the
pyrometry algorithm.
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Figure 2.7. Schematic diagram of a typical pyrometry measurement.

In the absence of measurement noise, the signal (counts), Si, generated by a pyrometer at

a given wavelength is proportional to the radiant intensity incident on the device [52], such that

di (2.2)

atm obs

S, =R®, =AQ4,- [ 1,(0)

Ak

MR, (X)-1,

where Ry is the spectral responsivity of the pyrometer, which directly relates the output (counts)
to incident radiant energy, ®; 44 and AQq are the detector area and detection solid angle,
respectively; To is the transmittance of the spectral bandpass filter; tam is the atmospheric
transmittance, accounting for the presence of participating media (steam, flames, combustion
gasses, etc.) in the device’s optical path; and /J.obs is the spectral intensity leaving the surface. The
spectral responsivity, R, also accounts for the efficiency and configuration of the collection optics.

This observed intensity, /robs, includes the reflected intensity, /i ref, from the surroundings
as well as any extraneous radiation, /.ext, from additional surfaces in the pyrometer’s field-of-view

(FOV) due to misalignment or obstructions

1

A,obs = Ik,emit

+1 o+ 1 =5, (LT,0)- 1, (x,T)+[1—gx (x,T,e)]IM, (LT)+1, . (2.3)

A,ext
where 7 is the surface temperature of the target, 7 is the temperature of the surrounding surfaces,
er (A, T, 0) is the directional spectral emissivity of the target surface, and 0 is the angle formed
between the optical axis of the pyrometer and the surface normal of the streel strip. For surfaces
in the presence of high temperature surroundings, as is the case in annealing furnaces, reflected
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irradiation represents a significant portion of the pyrometer signal but can be accounted for if 75 is
known. The extraneous radiant energy, /lrext, is only relevant for applications involving small or
moving targets as they tend to result in a partially filled field-of-view. The focal distance of the
pyrometer can typically be adjusted to reduce the viewing diameter, thus eliminating the
extraneous radiation. For this research, it is assumed that the signal generated by the pyrometer is
solely due to irradiance of the target surface. This is also a valid assumption for industrial
pyrometers as the detector wavelengths, aperture diameter, focal distance, alignment, and device
location along the CGL are all selected to ensure that the radiation incident on the pyrometer is
coming solely from the steel. Therefore, in the absence of additional radiant flux originating from
the surrounding or atmospheric absorption in the optical path the device, Eq. (2.3) can be reduced
to

S, =R, -AQu4,- [ 1,8, (L. T,0)- 1, (A, T)dh (24)

Ak
Typically, for high temperature pyrometry, the spectral width of the band pass filter is
sufficiently narrow such that the signal can be modelled by
S, =AQuA; T, () R, (xd)'gx (}”dvT’e)'be (}\‘d’T)A)\‘ (2.5)
K, (%)

where Ad is the center wavelength and K is the calibration constant that describes the photoelectric

efficiency of the detector and detector optics [54]. The pyrometer is initially calibrated using a
blackbody reference source prior to installation on a CGL, and it is subsequently removed at
regular intervals for recalibration to ensure measurement accuracy during annealing.

At sufficiently small values of AT, the blackbody spectral intensity, /i, is given by Wien’s
approximation to the Planck distribution:

Cl Cl

- ~ - 2.6)
X, {exp[XZTJ - 1} X, {exp LKZTH

with C1= (2hco?) = 1.191x108 W-pum* m?sr ! and C2 = (hco/ks) = 1.439 x10* pm'K, 4 and ks are

Ly (MT)=

the Planck and Boltzmann constants, respectively, and co is the speed of light in vacuum.
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For pyrometry measurements at two or more wavelengths, the signals/counts at all
detection wavelengths can be combined into a vector, S».. The method used to infer 7" from Sx (or
83) depends on the number of measurement wavelengths as well as the a priori knowledge
available about the spectral emissivity of the target material. Section 2.2.1 provides a literature
review of the general emissivity modelling approaches used to represent a priori knowledge about
the spectral emissivity, €1, of metal surfaces. While this thesis focuses primarily on spectral
emissivity variations of AHSS in the near-infrared range of 1.2 um to 2.5 um, the pyrometrically-
inferred temperature estimates will only be evaluated from a combination of intensity
measurements recorded at three wavelengths: 1.6 pm, 2.1 pm, and 2.4 pm. These three
wavelengths correspond to the detection channels of a commercial multi-wavelength pyrometer

(Williamson PRO MWX-ST-17) typically used in continuous galvanizing lines.

2.2.1. Emissivity models for pyrometry
Emissivity is the surface radiative property describing the thermal radiation emitted from a real
surface compared to the emission from a blackbody at the same temperature. In addition to its
dependence on surface temperature, 7, the emitted intensity (and thus emissivity) of real surfaces
varies with wavelength, A, and direction of emission as specified by the polar angle from the
surface normal (0) and azimuthal angle (¢p) because real surfaces are not diffuse emitters. A
blackbody, on the other hand, describes the ideal diffuse emitter and therefore the emitted radiation
from a blackbody does not vary with direction (i.e., isotropic) but it does vary with wavelength as
seen from Planck’s distribution curve in Figure 2.8.

Specifically, the spectral directional emissivity, € (0, ¢, 7), which is crucial for pyrometry
defines the radiant intensity emitted from a real surface, /1,0bs, in a given direction, relative to the

emitted radiation from a blackbody, /b, at the same temperature [54]:

L s (6,0,7)
g, (0,,T)="22 "2 (2.7)
g 1, (T)
Kirchhoff’s law states that at thermal equilibrium, the energy emitted by a surface must be
equal to the energy absorbed [54], therefore, the spectral directional emissivity can be related to

the spectral directional absorptivity, ax (0i, ¢i, 7), for a given incident direction (i, ¢i), such that:
£,(0.9.7)=0,(6,=6,0 =0,7) (2.8)
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Given that metals are opaque real surfaces, incident radiation must either be reflected or
absorbed. Therefore, the spectral directional emissivity can be related to the spectral directional-
hemispherical reflectivity, pa (8, ¢i, T) to give

£(0,0,7)=0,(0,=0,¢ ,=¢,7)=1-p, (6, =6,0 ,=¢,7)
SUE, (9,(p,T) =1-p, (6,(p,T)

For most pyrometry applications, the emissivity of interest is the normal spectral

(2.9)

emissivity, ewn(7), i.e., the spectral (wavelength-dependent) emissivity measured in the normal
direction (6 = 0). The azimuthal angle of the pyrometry measurement is typically ignored as it is
assumed that the radiative properties of the target surface at a given normal angle is uniform in all
azimuthal directions. However, in practice, if significant rolling artefacts and directional features
are imparted on the cold-rolled AHSS prior to annealing, the azimuthal angle can influence the
measured spectral emissivity. Some hybrid (polarization) pyrometry methods have also been
explored that exploit the directional variability of the emissivity to improve temperature
predictability [10, 52, 55-57]. Additionally, some materials under specific conditions have
approximately wavelength-independent properties over a particular wavelength range. This is

called the greybody approximation.

) ()\,T)

Blackbody, T

Greybody approximation

Real surface, T
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Figure 2.8. Spectral distribution of radiation emission from blackbody and real surfaces.
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In pyrometry, the unknown spectral emissivity of a target material is usually inferred
simultaneously with the steel temperature using radiances measured at one or more wavelengths,
typically by assuming or prescribing an underlying emissivity relationship based on the number of
detection wavelengths. The assumed emissivity relationship, often referred to as an emissivity
compensation algorithm, can either be a constant, in the case of single-wavelength pyrometry, or
an emissivity ratio or function for dual-, and multi-wavelength pyrometers. The scheme used to
infer temperature from the measured irradiance depends on the approach used to model the spectral
emissivity of the target material and consequentially, the number of detection wavelengths at
which the spectral irradiance is measured. Subsections 2.2.1.1 to 2.2.1.3 briefly review single-,
dual-, and multi-wavelength pyrometry, which are all used in the manufacture of AHSS. In depth
discussions on the history and other applications of these methods can be found in other studies

[58].

2.2.1.1. Single wavelength pyrometry

Single wavelength (SW) pyrometry utilizes the spectral radiance measurement at one detection
wavelength, A4, to infer the temperature of the surface. It is most suitable for stable materials [11]
as it assumes that the target surface has a constant and known spectral emissivity. The SW

pyrometry temperature is obtained by inverting Eq. (2.5)
O (2.10)
&, K
AgIn| 5
}\‘dS}\

Correctly inferring the AHSS strip temperature using SW pyrometry is difficult because €

usually varies with temperature, surface roughness, and oxide formation as the steel is being
annealed. For this reason, this approach can only be applied in “wedge” type configurations, in
which the pyrometer is aimed precisely at the center of the notch formed between the steel strip
and the roll, where the spectral emissivity is close to unity due to the blackbody cavity effect [7,
59]. The wedge pyrometer orientation is illustrated in Figure 2.9. Any misalignment in the field-
of-view of a wedge pyrometer reduces the spectral emissivity from the blackbody conditions,

which in turn, influences the accuracy of the inferred temperature. In addition to the geometry and
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alignment, the single wavelength temperature reading obtained from a wedge pyrometer is highly
sensitive to any temperature difference between the strip and the roll.

Normal
orientation Pyrometer

Steel strip

Wedge
orientation

Figure 2.9. Graphical illustration of the wedge vs normal pyrometry configuration [3].

2.2.1.2. Dual-wavelength pyrometry
Dual wavelength (DW) pyrometry utilizes the spectral irradiance measured at two distinct
wavelengths, Ad1 and Aa2 to estimate surface temperature. Although dual wavelength pyrometry
can be used in applications with unknown spectral emissivity, it still requires a priori knowledge
of the relationship between the spectral emissivity at the two wavelengths. The spectral emissivity
at one wavelength is typically expressed as a reciprocity function of the other, i.e., exd1 = f (end2)
[8, 11]. Dual-wavelength pyrometry is more robust to errors caused by atmospheric absorption and
partially filled fields-of-view as the ratio of the measured spectral irradiances cancels out these
effects.

The most common subset of DW pyrometry is the ratio (or two-color) pyrometry in which

the measured irradiance is expressed as a ratio and the temperature is estimated by

C{l_l}
— 7\’d2 7\"dl
5

In Sxdz[}‘dlj S

&t Az ) Sz

To obtain accurate temperature estimate with ratio pyrometry, the ratio of the emissivity values,

2.11)

exdr, often called the “e-slope”, has to be a known constant independent of temperature and surface

conditions, 1.e.,
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€
€,4 =22 = constant (2.12)

8kdl
For surfaces that can be approximated as gray, €dr 1s unity. If the emissivity assumption is valid,
the ratio temperature estimate becomes more resilient to measurement error as the detection
wavelengths move further apart [60]. On the other hand, if exar does not depend on the evolving
surface state, the use of wavelengths that are spectrally far apart increases the error.

Zentner et al. [S1, 61] applied a linear reciprocal function (A¢1= 2.18pum or 2.2pum and Ad2
= 2.4um) to infer the surface temperature of zinc-coated steel samples during the galvannealing
process. It was found that the error on the temperature estimates was up to £20K when the function
coefficients ware assumed to be fixed irrespective of the annealing temperature. These constant
coefficient values were obtained from a regression analysis of the spectral emissivity
measurements obtained from laboratory experiments. On the other hand, when different coefficient
values were used at each of the galvannealing temperatures, the error on the inferred temperatures
was reduced to +10K.

Tanaka and Dewitt [10, 11] and Tanaka et al. [62, 63] reported a reciprocal f-function
between two spectral emissivities called TRACE (Thermometry Re-established by Automatic
Compensation of Emissivity). The TRACE f-function represents a priori emissivity knowledge
obtained experimentally using a set of spectral irradiance measurements and the true target
temperature. Tanaka and Dewitt [11] applied this method to cold-rolled carbon steel and
galvannealed steel at wavelengths of 1.6pm and 3pm for temperatures ranging from 700K to 900K
(427°C to 627°C). The temperature estimates obtained with the TRACE method showed good
agreement with the true target temperature, especially when compared with the values obtained
from the single wavelength and ratio pyrometry methods. In terms of specific dual-wavelength
pyrometry measurement on AHSS alloys, Thiessen et al. [17] applied the ratio method to different
alloys of transformation induced plasticity (TRIP) assisted steel with the assumption that the
surfaces are approximately grey. The results show that for TRIP steel heated up to 850°C, the ratio
pyrometry method over-predicts the true surface temperature with the expected deviation ranging

from 26°C to 52°C depending on the alloy composition of the steel.
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2.2.1.3. Multi-wavelength pyrometry
Multi-wavelength (MW) or multispectral pyrometry refers to pyrometry systems that infer the
surface temperature from the spectral irradiance measured at three or more discrete wavelengths
along with an emissivity compensation algorithm/function. Increasing the number of detection
wavelengths provides more degrees of freedom to capture the complex spectral emissivity
relationships, while allowing for the statistical reduction of errors caused by measurement noise
[64]. Emissivity compensation algorithms for MW pyrometry are usually polynomial functions
derived by empirical or theoretical analysis to model how the spectral emissivity varies with the
underlying parameters such as wavelength, roughness, steel temperature and equivalent blackbody
temperature [6, 58, 65, 66]. Typically, the coefficients of the compensation algorithms are inferred
simultaneously with the unknown temperature. That is, if the underlying emissivity function has »
unknown coefficients, there will be n+1 unknowns in total including the unknown temperature.
The multi-wavelength pyrometry method can be solved either by exact or least-squares
methods [58, 66]. To solve for temperature from p irradiance measurements by the exact method,
the emissivity model should have p—1 unknown coefficients, while the least-squares method
requires an emissivity model with p—2 unknown coefficients, i.e., to infer the surface temperature
for a three-wavelength model, the maximum number of unknown coefficients in the emissivity
polynomial should be two for the exact method and one for the least squares method. While the
exact method allows the use of more polynomial coefficients to capture the complex emissivity
relationship given a limited number of detection wavelengths, previous investigations into solving
emissivity compensation models by the exact method shows that this approach tends to result in
large errors and overfitting for pyrometers with more than three detecting wavelengths [65]. Using
the least-squares method, on the other hand, will reduce the large errors as it finds the optimum
temperature and coefficients values that minimizes the sum-of-squares residuals. The objective

function of the least-squares method in terms of the raw counts is therefore given by

p
X2 = Z[S}»,meas,i - Sk,mod,i]2 (2 13)

where Sj,measi 1S the measured spectral counts and Simod: is the modelled spectral count that
minimizes the sum of squared errors for a prescribed emissivity compensation algorithm. The

variable i denotes the detection wavelength, i =1,2..., p.
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For compensation algorithms in exponential form, the objective function is defined as
2 L 2
X = Z [ln(SX,meas,i) o 1n(Sk,mod,i )] (2 14)

Several experimental and theoretical studies have been conducted to understand and
develop multi-wavelength emissivity compensation algorithms [12-14, 58]. Duvaut et al. [12]
compared the performance of several mathematical and physical emissivity compensation
algorithms for steel, aluminium, tantalum, and titanium at 573 K, and wavelengths between 2 to
10 micrometers. They considered linear and fractional wavelength-dependent models, as well as
relationships developed from the Maxwell and Fresnel’s equations. Pellerin et al. [58] produced
an emissivity compensation algorithm for aluminium alloys based on the Hagen-Rubens Relation
(HRR) [67] to explicitly account for both wavelength- and temperature-dependent variations.
Khan et al. [13, 14] used linear and log-linear polynomials to develop wavelength-dependent
emissivity models for platinum, chromium, molybdenum and iron, based on experimental data
extracted from the existing literature. Wen et al. [9, 64, 68] has also extensively evaluated several
emissivity compensation models to improve pyrometry accuracy for aluminium alloys and steel.
MW emissivity compensation algorithms are robust for uncontaminated surfaces, but they can be
unreliable for materials whose emissivity varies significantly with factors other than wavelength
and temperature, e.g., surface roughness or the formation of a surface oxide [11].

It is important to note that some of the emissivity compensation approaches described as
dual- and multi-wavelength pyrometry so far in this thesis can sometimes be interchanged
depending on the application. For example, Tsai et al. [69] conducted a comprehensive analysis of
the use of linear and non-linear compensation functions for dual-wavelength pyrometry
measurements on aluminium alloys. Ratio pyrometry has also been extended to applications with
spectral irradiance measured at three and four wavelengths [6]. This multi-wavelength ratio-based
method is sometimes referred to as multicolor pyrometry [13, 70], even though a compensation
function is not used in obtaining the surface temperature. Reynolds [70] reviewed the principle of
two- and three-color pyrometers and their application to non-ferrous materials. Khan et al. [13]
extended this analysis further by looking at a four-color pyrometer where the measured spectral
irradiance is grouped together to form three two-color ratios and the emissivity at the three

wavelengths is expressed as a constant ratio.
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2.2.2. Effect of temperature and oxidation on the radiative properties of AHSS

Prior to the CGL, the full-hard (i.e., unannealed and cold-rolled) AHSS surface is best described
as a rough but uncontaminated metallic surface, with its radiative properties mainly varying with
surface topography imparted by upstream processing, which includes cold-rolling and pickling. In
the near-infrared range crucial for pyrometry, the spectral emissivity of most metals, including
AHSS, decreases with increasing wavelength due to increased back-scattering of electromagnetic
wave by the free electrons of the metal at longer wavelengths. Moreover, as wavelength increases,
surfaces become more optically smooth (o/A <<1) for a given surface roughness (o) and therefore
more reflective (less emissive) as wavelength increases [54]. During annealing, the formation of
selective oxides further changes the topography of the AHSS surface, contributing to the overall
temperature-and wavelength-dependent variations in emissivity. Therefore, the radiative
properties of the AHSS during annealing varies with the composition and morphology of the
surface oxides, which depends on alloy composition, atmosphere, and heating schedule.

The radiative properties of an interface depends on the optical properties (e.g., complex
refractive index) of the material as well as surface topography. For most smooth, homogenous
metallic surfaces (6/A<<1), the Drude free electron theory and the Hagen-Reubens theory elucidate
how increased electron scattering at higher temperatures produce changes in optical properties that
increase the spectral emissivity of the pure metal surface [52, 54, 71]. For polished metallic
surfaces, Hagen-Rubens theory predicts that spectral emissivity should increase with temperature
at wavelengths longer than the crossover or “X” point and decrease with increasing temperature at
wavelengths shorter than this point. For most metals, the crossover point is in the visible or near-
infrared spectrum.

However, for a non-smooth metallic surface with an oxide layer, as in the case of an AHSS
alloy, the temperature-dependent changes in the optical properties of the material are complex and
depend on many variables. In addition to increased electron scattering at high temperatures for the
metallic substrate, several studies [57, 72-77] have shown that the roughness of metallic surface
combined with the oxide layer features (composition, morphology, uniformity, and thickness) all
contribute to variations in the complex refractive indices of the metal substrate and oxide layer.
The morphology of the surface oxides formed during intercritical annealing of AHSS can range

from a thin film-like oxide layer to a grainy/nodular-like oxide layer. Samples annealed at higher
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dew points are more likely to form nodular oxides while sample processed at lower dew points
tend to have thin film-like oxides [75, 77]. Both film-like and nodular-like oxides can occur
simultaneously on the oxidized AHSS surfaces with each of these morphologies having different
effects on the EM wave interactions. Due to the dielectric nature of oxide materials combined with
the thinness of the oxide layers (40 nm < d <320 nm [78]), it is assumed that the oxide layer is
non-absorbing. At shorter wavelengths where the film thickness (d) is smaller than the pyrometry
wavelength (d <)), the formation of a thin film-like oxide layer results in the thin-film interference
effects whereby the radiation reflected from the top and bottom interfaces of the oxide film are
phase-shifted, producing constructive and destructive interference patterns [54]. The lower the
refractive index of a uniform oxide film, the more pronounced the thin-film interference effect,
thus the higher the spectral emissivity of the AHSS surface [54]. Typically, the AHSS surface
consists of non-uniform and discontinuous oxide film interspersed with nodular-like oxides which
produces weaker interference effects [75]. At wavelengths larger than the oxide thickness (i.e., A
>> (), the radiative properties of the AHSS surface are dominated by the roughness effect due to
the pre-annealed surface roughness and the oxide nodules. In this case, the EM wave interacting
with the optically rough AHSS surface is randomly scattered producing multiple reflections (and
thus more energy absorption) that increases the spectral emissivity of the surface. These surface
roughness effects can be modelled using geometric optics approximation (GOA) ray-tracing [79].

Several studies (e.g., [43, 44, 80-87]) have investigated how selective oxidation affects the
mechanical properties, reactive wetting, and zinc layer adhesion of AHSS, but very few have
looked at the effect of selective oxidation on the spectral emissivity and pyrometry of AHSS. In a
comparison of TRIP and oxide-free IF steel, Ham et al. [77, 88] studied the correlation between
the emissivity of these AHSS grades annealed within reducing atmospheres of various dew points.
Ham et al. demonstrated that due to the selective oxidation of Mn and Al, the global emissivity of
the TRIP steel varied with the dew point of the annealing atmosphere while the emissivity of the
non-oxidizing IF steel remained constant [77]. Somveille et al. [89] analyzed the effect of surface
oxidation on the spectral emissivity of dual-phase AHSS alloys (DP780 and DP980) quenched at
intervals during the heat treatment cycle. The ex situ characterized emissivity measurements
showed that variations in the radiative properties of the alloy are linked to their alloy composition.

The DP780 alloy, with a higher manganese-content (lower Si/Mn ratio), exhibited higher spectral
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emissivity due to oxide layer growth during heat treatment. On the other hand, the DP980 alloy
with the higher Si/Mn ratio exhibited minimal variations in the ex situ spectral emissivity
measurements. Lin et al. [74, 75] specifically showed that the radiative properties of dual-phase
AHSS alloys (DP780 and DP980) are dependent on the surface roughness effect imparted pre-
annealing in addition to the thin-film interference effect of the selective oxides formed during
annealing.

For other metals and alloys, studies also show that surface oxidation impacts the varying
spectral emissivity and the accuracy of pyrometry measurement. Cao et al. [90, 91] and King et al.
[92] studied the effect of air-induced oxidation on the emissivity of candidate alloys for high-
temperature reactor pressure vessels. Cao et al. found the spectral emissivity of the alloys to vary
with oxide layer thickness, with thinner oxide producing lower spectral emissivity values [91].
Cao et al. also linked the thickness of the oxide layer to the chromium content of the alloys [91]
while del Campo et al. [93] and Zhao et al. [94] evaluated how the spectral emissivity of nickel-
based alloys varies with the growth of an oxide film due to the interference effects. It is important
to note that for a film-like oxide layer, the interference effect depends on the refractive indices of
the dielectric oxide and thickness of the oxide film relative to the wavelength of the incident
radiation [54]. Weng and Wen [95] examined the effects of surface oxidation on the spectral
emissivity of aluminium alloys and the accuracy of several multispectral radiation thermometry
(MRT) models in predicting the temperature for oxidized and unoxidized alloys. Hagqvist et al.
[96] proposed an additive emissivity model for Ti-6Al-4V alloy that considers the oxide layer
thickness as a variable, in order to qualitatively account for the effect of oxidation on pyrometry
measurements. Iuchi et al.[57] derived an emissivity model that considers oxide film growth on
metal surfaces by expressing the directional and polarized emissivities as functions of direction,
oxide film thickness, and optical constants of the metal and the oxide film. Wen [68] used the
Agababov roughness function [97] to update four existing compensation algorithms to model the
effects of surface roughness on the spectral emissivity of aluminium alloys. King et al. [98] and Jo
et al. [72] used a modified geometric optics approximation (GOA) to obtain directional spectral
emissivity models for metal surfaces that account for dependencies on temperature, composition,
and roughness. Generally, these works show that the emissivity of a metal or an alloy increase in

the presence of an oxide layer, which leads to increased uncertainty in the inferred temperature.
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Chapter 3
Multivariate spectral emissivity model for advanced
high strength steel’

The preceding chapter highlighted that existing emissivity compensation models do not accurately
capture how the spectral emissivity of AHSS alloys varies with interdependent material properties
and processing conditions. Furthermore, despite the known effects of surface roughness, alloy
composition, dew point, and oxide film thickness on spectral emissivity of AHSS [77, 99] and
other metal and alloys [92, 93, 95, 100], only a few studies have reported multivariable emissivity
relationships that account for these additional parameters. Tuchi et al. [57] derived an emissivity
model that considers oxide film growth on metal surfaces by expressing the directional and
polarized emissivities as functions of direction, oxide film thickness, and optical constants of the
metal and the oxide film. Wen [68] used the Agababov roughness function [97] to update four
existing compensation algorithms to model the effects of surface roughness on the spectral
emissivity of aluminium alloys. King et al. [98] and Jo et al. [72] used a modified geometric optics
approximation (GOA) to obtain directional spectral emissivity models for metal surfaces that
account for dependencies on temperature, composition, and roughness. Lin and Daun [101] applied
the Davies” model [102] to investigate the relationship between surface roughness and spectral
emissivity for dual-phase AHSS alloys.

Building on these studies, this chapter proposes the factorial design of experiments as a
statistical tool for modelling the interdependent effects of wavelength, alloy composition (Si/Mn

ratio), annealing atmosphere (dew point), and pre-annealed surface state on the spectral emissivity

! The content of this chapter has been published as:

F. K. Suleiman, K. Lin, and K.J. Daun, 2021, “Development of a multivariate spectral emissivity
model for an advanced high strength steel alloy through factorial design-of-experiments,” J. Quant.
Spectrosc. Radiat. Transfer, 271, 107693 (13pp). doi: 10.1016/j.jqsrt.2021.107693.
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of AHSS alloys. To the best of the author’s knowledge, this work is the first time factorial designs
have been used to develop spectral emissivity models for pyrometry during metallurgical
processing. The analysis considers coupons cut from coils of two different cold-rolled DP980
alloys, with silicon-to-manganese (Si/Mn) ratios of 0.23 and 0.04, respectively. Coupons are either
left in their as-received state or polished mechanically. The coupons are then annealed in a 95%
N2/5% H2 atmosphere at dew points of —30°C or +10°C, within a galvanizing simulator. The
spectral emittance of each sample is obtained from reflectance measurements made with a Bruker
Invenio-X FTIR spectrometer (1.2 um — 25 um), but only the measurements for the infrared
pyrometry range of 1.2 um — 4.0 um is analyzed in this thesis.

The most significant main and interaction effects were determined through an analysis of
variance (ANOVA) procedure. The pre-annealed surface state of the steel is the most dominant
effect at longer wavelengths, while alloy composition dominates at shorter wavelengths. Also,
while the annealing atmosphere dew point does not strongly affect emissivity, its interaction effect
with alloy composition contributes significantly to the observed variations, especially for
wavelengths below 3 um. These effects were then incorporated into a bilinear model with
parameters derived through regression to the experimental data. The fitted linear regression model
obtained for a three-wavelength pyrometer (1.6 pm, 2.1 pm, 2.4 pm) provides a good
approximation of the experimental measurements (R* = 0.98).

The results demonstrate how factorial designs provides key insights into the relationship
between the surface state and radiative properties of the steel strip and may be used to develop
multivariable emissivity compensation algorithms for pyrometry. While this thesis focuses on
intercritical annealing of dual-phase steels, the methodology described here applies to
characterizing the variables influencing radiative property variations in a wide range of materials

encountered in pyrometry or remote sensing applications.
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3.1. Sample preparation and processing

Coupons were cut from two different cold-rolled DP980 AHSS alloys having compositions that
conform to ASTM A1079-17 [103] as detailed in Table 3.1. Although the exact composition of
the alloys is proprietary, their Si/Mn mass ratios, which have the most pronounced effect on oxide
composition, are 0.04 and 0.23, as measured by spark atomic emission spectrometry. In order to
investigate the influence of the pre-annealed surface state on the spectral emissivity, half of the
coupons were polished using a series of polishing wheels with progressively finer grit and particle
size (240 grit SiC, 320 grit SiC, 400 grit SiC, 600 grit SiC), producing a mirror-like finish. The
root-mean-square (RMS) roughness for all the samples was measured using an optical profilometer
(WYKO NT1100). The sub-group of polished surfaces has an RMS roughness of Rq = 0.15 um,
while the as-received subgroup has an RMS roughness of Rq = 0.65 um. All the samples were
annealed within a galvanizing simulator (MGS, Iwatani-Surtec, Japan) [104] with a 95%/5% N2/Hz
atmosphere according to the heating schedule illustrated in Figure 3.1. Although the samples are
processed in a galvanizing simulator, the treatment involved only annealing and did not include
the zinc coating step. At the end of the annealing cycle, the samples were rapidly quenched to
freeze their high-temperature surface state for ex sifu characterization of the corresponding
radiative properties. Given that spectral emissivity is primarily a surface property, the rapid quench
ensures that ex sifu measurements are an approximate representative of the samples’ high-
temperature surface state. Similarly, previous pyrometry studies on steel alloys [69] indicate that
observed variations in emissivity at high temperatures are significantly influenced by the changes
in surface properties due to oxidation and the resulting interference effect. Nevertheless, potential
variations in emissivity due to temperature-dependent changes in electrical conductivity are also
discussed later in this chapter. The annealing dew point used for each sample is listed in Table
3.2. Two coupons were processed for each experimental condition in order to provide a measure
of repeatability. All samples were cleaned and rinsed with ethanol and acetone before annealing

and again prior to making radiative measurements post-annealing.

The near-normal directional-hemispherical spectral reflectance, pa, of each annealed
coupon was measured using a Bruker Invenio-R FTIR spectrometer (1.2 um - 25 um), but only the
measurements in the infrared pyrometry range of 1.2 um - 4 um are used for this study. The FTIR

has a calibration uncertainty of +2% and a repeatability accuracy of less than +1% based on
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reflectance measurements over the entire spectrum. The near-normal emissivity, €., was then

inferred using Kirchhoff’s law [105]
g =1-p, (3.1)

The spectral emissivity measurements from the annealed coupon are then combined with
the pre-annealed material properties (Si/Mn ratio and surface state) and the process parameter (dew
point) to develop a multivariate emissivity compensation relationship using the response surface

methodology described in the next section.

Table 3.1. Nominal chemical composition of DP980 [103].

Constituents C P S Mn+Al+Si  Cu Ni CrtMo V+Nb+Ti

%mass max 023 0.08 0.015 6.00 0.20 0.50 1.40 0.35

1000 -
Soak time = 180s
800+ - \
__ 600+
O .
°. Heating qlfjaeF:]'fh
= 400 ~13.3°C
/s ~30°C/s
200+
0 L L L L i
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t[s]

Figure 3.1. Schematic illustration of the annealing schedule for the tested coupons.

Chapter 3 34 Suleiman, 2025



Table 3.2. List of annealed coupons indicating the dew point of the annealing atmosphere, the
ratio of alloy components, and the pre-annealed surface state.

Sample/Run No. Dew Point Si/Mn Ratio Surface State
1 —30°C 0.04 Polished
2 —30°C 0.04 As-received
3 —30°C 0.23 Polished
4 —30°C 0.23 As-received
5 +10°C 0.04 Polished
6 +10°C 0.04 As-received
7 +10°C 0.23 Polished
8 +10°C 0.23 As-received

3.2. Response surface methodology (RSM): factorial design
In the response surface methodology, variations in the response variable, or a set of response
variables, can be related to the combined influence of several independent variables. These
independent variables are called factors [106]. A common RSM technique is the factorial design
of experiments, where all levels of one factor are combined with all levels of the other factors
[107]. The level of a factor refers to the value held by the independent variable during an
experiment. Factorial designs provide an estimate of the main and interaction effects, which are
important when investigating how the joint effects of the process factors contribute to the observed
changes in the response (dependent variable). The effect of a factor refers to the change in the
response variable due to a change in the level of the factor [106]. A main effect describes the
influence of a factor on the response irrespective of the levels of the other factors, while an
interaction effect considers the influence a factor has on the response variable in the context of the
level of another factor [106]. An interaction effect becomes significant when the effect of one
factor on the dependent variable varies with the level of another factor.

The observations from a factorial design can be modelled by a fixed effects model if the
levels of the factors (i.e., values of the independent variables) are assumed to be constant [106].
Once the model structure is defined, an analysis of variance (ANOVA) procedure is carried out to

identify the factors and factor interactions that have the most significant effects on the response.
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ANOVA models can be explicitly translated into an equivalent linear regression model [106, 108-
110], so a factorial design analysis also produces functions that elucidate the relationship between
the factors and their response.

In this study, factorial designs are used to analyze the spectral emissivities of the annealed
samples in two stages. First, individual 2° full factorial designs are used to evaluate the spectral
emissivity of all samples at discrete pyrometry detection wavelengths of 1.2 pum, 1.6 um, 2.1 pm,
2.4 um, 2.8 um, 3.2 pm, 3.6 um, and 4.0 um. This is done to investigate how the dew point, Si/Mn
ratio, and pre-annealed surface state (polished vs. unpolished), labelled “A”, “B”, and “C”,
respectively, interact to produce variations in the radiative properties without considering the role
of wavelength. These factors each have two levels, as shown in Table 3.3. In the second stage, a
general full factorial design is carried out by adding a factor for wavelength (“D”), which accounts
for the spectral variation of the properties. Factor D has three-levels: 1.6 um, 2.1 um, and 2.4 um;
corresponding to the detection wavelengths for a commercial multi-wavelength pyrometer
(Williamson PRO MWX-ST-17).

To facilitate comparison of the main and interaction effects, the factor levels are converted

to dimensionless coded values using Eq. (3.2) [106]:

coded level = 2x(uncoded level —mean)

(3.2)
range

The significance of the effects of dew point, Si/Mn ratio, surface state, wavelength, and
their interactions on the spectral emissivity of the DP980 steel is determined using an ANOVA
procedure at a 95% confidence interval (CI). The regression model for predicting the spectral
emissivity is then constructed using only the statistically significant model terms identified from

the ANOVA results for the general factorial design.
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Table 3.3. The uncoded and coded levels for the four factors: dew point (A), Si/Mn ratio (B),
surface state (C), and wavelength (D).

Factors Uncoded Levels Coded
Levels
—30°C -1
Dew Point (A)
+10°C +1
0.04 -1
Si/Mn Ratio (B)
0.23 +1
Polished (Rq=0.15 pm) -1
Surface State (C)
As-received (Rq = 0.65 pm) +1
1.6 um -1.083
Wavelength (D) 2.1 ym 0.166
2.4 um 0.917

3.3. Results and discussion

3.3.1. Spectral emissivity measurements
Figure 3.2 shows the spectral emissivity of the annealed DP980 alloys. Each curve represents the
average of the two measurements from replicate samples. The standard deviation between the
measurements from the two replicates ranges between 8.4 x 10 and 0.02, with a mean value of
0.005 (i.e., a mean relative standard deviation of 1.3%), demonstrating that the measurements are
repeatable. Generally, the spectral emissivity for all samples decreases with increasing wavelength
as expected for metals within the infrared spectrum.

The spectral emissivity for the polished samples in Figure 3.2 (a) shows greater variability
in comparison to the as-received samples in Figure 3.2 (b). Typically, the spectral emissivity of a
material increases with increasing roughness in the context of EM wave scattering theory [105,

111] but from the polished samples in Figure 3.2 (a), it is observed that for the shorter wavelengths
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(<~2 pm), the emissivity values are higher than their as-received counterparts in Figure 3.2 (b).
This contrary relationship between surface roughness and spectral emissivity is attributed to the
interference effect of coherent reflection in the presence of a uniform oxide layer on the annealed
surfaces [112]. The absence of large scale roughness on the polished surfaces allows for a more
uniform oxide layer to form during the annealing process [113]. The spectral emissivity at shorter
wavelengths is influenced by the structure and uniformity of the oxide layer formed during the
annealing process, which depends on the pre-annealed surface state of the steel.

References [74] and [75] provide a detailed analysis of the oxide structure that contribute
to the varying radiative properties for both alloys under the different procession conditions.
However, the analysis in this work will focus on the low Si/Mn ratio samples, which are the
primary focus of this dissertation. Accordingly, Figure 3.3 shows the scanning electron
micrographs (SEM) of only the annealed low Si/Mn ratio coupons. Figure 3.3 (a) and (b) reveal
that a uniform fully developed oxide layer is formed on the polished samples. For the polished
specimen annealed at —30°C, shown in Figure 3.3 (a), the oxide layer appears homogenous, while
the polished sample annealed at the higher dew point (Figure 3.3 (b)) shows a thicker oxide layer
with a few oxide nodules. On the other hand, Figure 3.3 (c) and (d) show that the as-received
samples form isolated oxide nodules instead of a continuous oxide layer. The amount of oxide
nodules formed on the as-received surfaces appears to increase with increasing dew point, as seen
in Figure 3.3 (d). The lack of a visible oxide layer on the as-received samples is most probably due
to the fracture artifacts introduced by the cold-rolling process. The removal of these artifacts, pre-
annealing, appears to promote the formation of a fully developed, homogeneous oxide layer on the
polished samples.

Figure 3.2 (a) and (b) also show that samples with lower Si/Mn ratios generally have higher
spectral emissivity values. Increasing the dew point causes the emissivity to increase for samples
with the lower Si/Mn ratio, while the opposite effect is observed for the higher Si/Mn ratio. The
former effect is caused by the segregation of alloying elements from the bulk material to form
selective oxides on the surface during annealing. Changes in the surface topography caused by
these oxides lead to variations in the spectral emissivity [18, 77, 99]. The Ellingham diagram
indicates that the most likely oxides to form are MnO, SiO2, MnSi0O3, Mn2Si04 [114], but given
the higher solubility of MnO in austenite (7.2 (ppm)?) relative to the solubility of the other oxides
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(Si02 = 3.1 x 10 (ppm)*, MnSiO3 = Mn2SiO4 = 7.6 x 10 (ppm)”) [78] combined with the lower
Si/Mn ratio, and higher oxygen pressure, for the alloys considered here, the oxides are expected to
be almost exclusively MnO [42]. This means that samples with more manganese content (i.e.,
lower Si/Mn ratio) are more likely to exhibit higher spectral emissivity during annealing because
they have a greater tendency to oxidize externally. Overall, these results indicate that the radiative
properties of dual-phase alloys depend not only on annealing atmosphere and alloy composition
but also on their pre-annealed surface states.

== Si/Mn=0.04 === Si/Mn =023
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Figure 3.2. Measured spectral emissivity, €, for (a) polished samples (b) as-received samples.
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Figure .3cnning electron micrograp
The images on the right correspond to the white boxed regions in the images on the left. (a)
Si/Mn=0.04, polished, annealed at —30°C, (b) Si/Mn=0.04, polished, annealed at +10°C (c)

Si/Mn=0.04, as-received, annealed at —30°C, and (d) Si/Mn=0.04, as-received, annealed at
+10°C.
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3.3.2. 23 full factorial design

The 23 factorial design matrix and the spectral emissivity measurements from both replicates are
shown in Table 3.4. The run order of the experiment was randomized to protect the analysis from
serially correlated errors as well as the effects of unknown nuisance variables.

The ANOVA procedure is applied to determine not only the factors and interactions that
are significant but also the magnitude of these effects as expressed by the percentage contribution
of their sum-of-squares residual relative to the total sum-of-squares residual. This provides an
approximate quantitative measure of the main and interaction effects responsible for the varying
spectral emissivity. Figure 3.4 summarizes the percent contribution of effects across the spectral
range, while detailed ANOVA results at each of the eight wavelengths are included as
supplemental material in Ref. [115]. The contributions of the main and interaction effects vary
significantly with different trends across the wavelengths. The main effect of Si/Mn ratio (B)
dominates at shorter wavelengths (A< ~2.6 pm), accounting for up to 51% at its peak wavelength
of 2.1 um, whereas the main effect of surface state (C) dominates at the longer wavelengths. The
results also indicate that the emissivity is insensitive to the main effect of dew point, accounting
for a maximum of 1.24% of the variability at 2.1 um. However, the interaction between dew point
and Si/Mn ratio (AB) is the most significant interaction effect, meaning that the impact of dew-
point depends strongly on the alloy composition of the steel. The most prominent effects over this
spectral range are, in order of importance: Si/Mn ratio (B), surface state (C), dew point-Si/Mn ratio
(AB) interaction, and Si/Mn ratio-surface state (BC) interaction. These four effects combined
account for over 93% of the total variability observed in the spectral emissivity.

A statistical F-test is carried out to evaluate the significance of the effects at a level 0f 0.05,
corresponding to a 95% confidence interval (F-value > F(0.05,1,8) = 5.32). The results of this test,
summarized in Table 3.5, shows that the four factors identified via the magnitude of their percent
contributions are significant at all wavelengths. Some of the main and interaction effects with
minimal contributions to the total variability (less than 4%) were identified to be statistically
significant via the F-test. All main and interaction effects were found to be statistically significant
at 1.6 um, while the specific significant effects vary across the other pyrometry wavelengths.
However, the main effects, B and C, and the interaction effects, AB and BC, were significant at

all the wavelengths. A detailed analysis of the main effects and interaction effects at the selected
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pyrometry wavelengths is provided in Appendix A and Appendix B of Ref. [115], respectively.
Overall, both the estimated percent contributions and the F-test results show that the key main and
interaction effects that contribute to the change in spectral emissivity vary with wavelength. This
observation provides a foundation for analyzing and optimizing wavelength combinations for
improving the reliability of pyrometry estimates. For future pyrometer design, the RSM process
can be used to estimate the sensitivity of selected wavelengths to key process effects and to
understand how this sensitivity varies among the wavelengths. Applying this procedure will
facilitate the selection of wavelengths that will provide the most sensitivity to the varying

emissivity and thus minimize the error in the pyrometrically-inferred temperature.

Table 3.4. The 2° factorial design matrix and spectral emissivity responses for the combination of
three factors: dew point (A), Si/Mn ratio (B), and surface state (C), at key wavelengths in the near-
infrared region.

Coded Wavelength [pm]
Std.~ Run Factors 12 16 21 24 28 32 36 40
No. No.
B C Replicate I: Spectral emissivity, €.
1 1 -1 -1 -1 0.754 0.547 0.375 0.308 0.249 0.205 0.172 0.147
2 5 I -1 -1 0.808 0.644 0.461 0.370 0.284 0.231 0.188 0.154
3 3 -1 1 -1 0.670 0.527 0.385 0.326 0.267 0.224 0.188 0.160
4 7 11 -1 0.586 0.438 0.311 0.258 0.218 0.178 0.148 0.123
5 2 -1 -1 1 0.588 0.485 0.398 0.361 0.315 0.289 0.266 0.242
6 6 I -1 1 0.662 0.561 0.455 0.408 0370 0.332 0.300 0.270
7 4 -1 11 0.621 0.502 0.382 0.333 0.285 0.241 0.212 0.183
8 8 11 1 0.552 0.465 0.359 0.306 0.277 0.236 0.198 0.168
Replicate II: Spectral emissivity, &
1 1 -1 -1 -1 0.752 0.557 0.383 0.312 0.249 0.202 0.168 0.142
2 5 I -1 -1 0.803 0.638 0.456 0.365 0.287 0.228 0.185 0.152
3 3 -1 1 -1 0.663 0.511 0.371 0.313 0.259 0.213 0.181 0.153
4 7 11 -1 0.570 0.431 0.302 0.253 0.221 0.185 0.150 0.125
5 2 -1 -1 1 0.583 0.499 0412 0375 0.330 0.299 0.271 0.251
6 6 I -1 1 0.661 0.571 0.464 0416 0379 0342 0311 0.279
7 4 -1 11 0.627 0.506 0.386 0.335 0.278 0.237 0.204 0.178
8 8 1 1 1 0.560 0.476 0.366 0.315 0.269 0.231 0.194 0.164
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Figure 3.4. Percent contributions of the main and interaction effects for the combination of the
three factors, dew point (A), Si/Mn ratio (B), and surface state (C), at the following wavelengths:
1.2 um, 1.6 pum, 2.1 pm, 2.4 pm, 2.8 um, 3.2 um, 3.6 um, and 4.0 pm.

Table 3.5. Statistically significant main and interaction effects contributing to the variations in
spectral emissivity as identified from the F-test at 95% confidence interval. The check marks (V)
indicate the effects that are statistically significant.
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3.3.3. General full factorial design

The experiment matrix containing coded factors and spectral emissivity measurements for

the general (2 x 2 x 2 x 3) factorial is shown in Table 3.6, while the ANOVA results are presented

in Table 3.7. The general design is used to develop a mathematical model that specifically

describes how the spectral emissivity varies over the detection wavelengths (1.6 pm, 2.1 um, and

2.4 um) of a commercial multi-wavelength pyrometer (Williamson PRO MWX-ST-17).

Table 3.6. The general 2 x 2 x 2 x 3 factorial design and spectral emissivity responses for the
combination of all four factors: dew point (A), Si/Mn ratio (B), surface state (C), and wavelength

(D).
Coded Factors Spectral emissivity, e
Std. No. Run No. B C D Replicate I Replicate 11

1 1 -1 -1 -1 -1.083 0.547 0.557
2 5 -1 -1 -1.083 0.644 0.638
3 3 -1 1 -1 -1.083 0.527 0.511
4 7 1 -1 -1.083 0.438 0.431
5 2 -1 -1 1 -1.083 0.485 0.499
6 6 -1 1 -1.083 0.561 0.571
7 4 -1 1 1 -1.083 0.502 0.506
8 8 1 1 1 -1.083 0.465 0.476
9 1 -1 -1 -1 0.167 0.375 0.383
10 5 -1 -1 0.167 0.461 0.456
11 3 -1 1 -1 0.167 0.385 0.371
12 7 1 -1 0.167 0.311 0.302
13 2 -1 -1 1 0.167 0.398 0.412
14 6 1 -1 1 0.167 0.455 0.464
15 4 -1 1 1 0.167 0.382 0.386
16 8 1 1 1 0.167 0.359 0.366
17 1 -1 -1 -1 0917 0.308 0.312
18 5 -1 -1 0917 0.370 0.365
19 3 -1 1 -1 0.917 0.326 0.313
20 7 1 -1 0917 0.258 0.253
21 2 -1 -1 1 0.917 0.361 0.375
22 6 1 -1 1 0917 0.408 0.416
23 4 -1 1 1 0917 0.333 0.335
24 8 1 1 1 0917 0.306 0.315
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The percent contributions listed in the ANOVA (Table 3.7) indicate that the main effect of

wavelength (D) is the most dominant, accounting for 69.8% of the total variability, followed by
the Si/Mn ratio (B) and the dew point-Si/Mn (AB) interaction, which account for 13.7% and 9.6%,

respectively. The combination of these three effects accounts for over 93% of the variations in the

spectral emissivity. In addition, F-tests at 95% confidence interval (F-value > F0.05,132) = 4.15)

indicate that 12 out of the 15 effects are statistically significant.

Table 3.7. ANOVA for the general (2 x 2 x 2 x 3) factorial design

Sum of Mean Significance
Source of S Degree of S Foval p-value Percent at
. quares quare value 3 -
variation (x 10%) Freedom (x 10%) (x 107) Contribution 95% CI
A 0.857 1 0.857 8.69 5.94 0.20 v
B 57.83 1 57.8 585.94 3.84x 10" 13.69 v
C 1.77 1 1.77 17.98 0.178 0.42 v
D 295 1 295 2987.95  3.55x 107 69.83 v
AB 40.6 1 40.6 411.36 7.86 x 10717 9.61 v
AC 0.643 1 0.643 6.51 15.7 0.15 v
AD 0.1002 1 0.1002 1.02 321 0.02
BC 2.07 1 2.07 20.95 0.0677 0.49 v
BD 0.906 1 0.906 9.18 4.82 0.21 v
CD 10.62 1 10.62 107.59 9.2 x 107 2.51 v
ABC 3.22 1 3.22 32.59 2.53 %1073 0.76 v
ABD 1.099 1 1.099 11.14 2.16 0.26 v
ACD 0.0142 1 0.0142 0.14 707 3.37 x 107
BCD 4.53 1 4.53 45.87 1.18 x 10 1.07 v
ABCD 0.0123 1 0.0123 0.12 726 2.92 x 1073
Error 3.16 32 0.0987 0.75
Total 422 47
Suleiman, 2025 45 Chapter 3



3.3.3.1. Regression analysis: spectral emissivity model

The general expression for a linear regression model with interactions is given by
n n-1 n n-2 n-l n
)7=B0+2Bixi +22Bijxixj+z ZBI,jkxixjxk +-te€ (3.3)
i=1 i=1 j=2 i=1 j=2 k=3
where y is the predicted response; 7 is the number of factors; po, fi, fi;, and S are the unknown
coefficients; xi, xj, and xx are the factors (independent variables); and € is the random error.
The full spectral emissivity model with all the independent variables and their two-, three-

, and four-factor interactions is

&, =B +BA+P,B+B,C+B, D+, AB+P; AC+P, AD + B, BC+ B, BD

3.4
+P3,CD +P; ABC + Py, ABD +Py3, ACD + B3, BCD +,,, ABCD G

Table 3.8 shows the values of the coded regression coefficients, their standard error, and
95% confidence interval estimates for the full model. The standard errors for all model coefficients
are dissimilar because the design is not orthogonal at the wavelength factor (D) due to the non-
uniform spacing between the three detection wavelengths, as seen in Table 3.8. The uncoded
coefficient values provided in Table 3.8 are obtained by substituting Eq. (3.2) for each factor
associated with the model terms.

The model closely matches the experimental observations based on the small values of the
sum-of-squares error and root-mean-square error, summarised in Table 3.8, as well as the adjusted
R? of 0.989. Furthermore, the predictive ability of the model when faced with new factor levels is
indicated by the prediction R? parameter; in this case, the prediction R? is equivalent to its adjusted

R?, which indicates good predictability for new observations within the current range of the factors.
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Table 3.8. Regression coefficients for the spectral emissivity model

M Uncoded
odel Coefficient  Value Standard 93% C1 % Cl Coefficient
Term Error Low High Values

Intercept Bo 0.41626  0.00143 0.41334  0.41918 1.32994
A B 0.00423 0.00143 0.00131 0.00715 0.00554

B B2 -0.03471  0.00143  -0.03763  -0.03179 -2.16905

C B3 0.00608  0.00143 0.00316  0.00900 -0.73785

D B4 -0.09501  0.00174  -0.09856  -0.09147 -0.40820
AB Bi2 -0.02908  0.00143  -0.03200 -0.02616 -0.04035
AC Bi3 0.00366  0.00143 0.00074  0.00658 -0.00181
AD Bia -0.00175  0.00174  -0.00529  0.00179 -0.00129
BC B23 0.00656  0.00143 0.00364  0.00948 3.03408
BD 24 0.00527  0.00174  0.00173 0.00881 0.72351
CD B34 0.01803 0.00174  0.01449  0.02157 0.34865
ABC Bi23 0.00819  0.00143 0.00526  0.01111 0.02381
ABD B124 0.00580  0.00174  0.00226  0.00934 0.00893
ACD B34 -0.00066  0.00174  -0.00420  0.00288 0.00011
BCD 234 -0.01177  0.00174  -0.01531 -0.00823 -1.27151
ABCD Bi234 -0.00061  0.00174  -0.00416  0.00293 -0.00323

Goodness-of-fit statistics

SSE=0.003158 RMSE =0.009935 R?>=0.992 Adj. R*=0.989 Pred. R>=0.984

The adequacy of the spectral emissivity model in Eq. (3.4) is further validated by analyzing the
model residuals. The normal probability plot in Figure 3.5 (a) shows that the residual distribution
is approximately normal with a slight skewness on the right tail. Although the residual vs
predicted value plot in Figure 3.5 (b) does not have a pronounced non-random pattern, the
distribution is not uniform around the zero-residual line. This could be due to heteroscedasticity
(non-constant variance in the measurement) or a significant nonlinear term missing from the

model. The plot of the measured and predicted €. at 1.6 pm to 2.4 um in Figure 3.6 suggests that
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the trend in the residual is most probably due to a quadratic relationship that was not accounted
for. The slight curvature in the data can be better modelled by fitting a second-order model

obtained with either a 3* factorial design, central composite design (CCD), or the Box-Behnken
design [106].
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Figure 3.5. Residual analysis: (a) normal probability plot of residuals and (b) plot of residuals
vs predicted spectral emissivity

= S5i/Mn = 0.04, -30°C == Si/Mn = 004, +10°C == Si/Mn = 0.23, -30°C == Si/Mn = 0.23, +10°C
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Figure 3.6. Comparison of measured and predicted spectral emissivity, €., for (a) polished

coupons and (b) as-received coupons.
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Finally, we consider how the accuracy of the proposed model may be affected if the AHSS
samples experience temperature-dependent emissivity variations associated with changing
electron mobility at high temperatures. Typically, the Hagen-Rubens relation is used to predict
how the radiative properties of metals might increase with temperature via its electrical
conductivity [52, 71, 105]. However, the Hagen-Rubens relation is only valid for low-resistivity
metals at longer wavelengths in the infrared region (A >> 5Sum) (24, 38). Also at shorter
wavelengths, metals exhibit a “crossover wavelength” or “X-point” over which the sensitivity of
emissivity to temperature is reversed, and the spectral emissivity decreases as temperature
increases [71, 105]. These factors, coupled with the effects of near-surface oxidation, make it
difficult to predict or isolate temperature-dependent emissivity variations for metal alloys observed
at the shorter wavelengths critical to pyrometry. Metals exposed to high-temperature oxidizing
environments, such as the annealing furnace, generally have radiative properties similar to those
of their oxide layer, because most of the thermal emission is predominantly at shorter wavelengths
where the interference effect of the oxide layer is even more significant [71, 105]. Previous
pyrometry studies on steel alloys [6, 58] that have used in sifu spectral emissivity measurements
to determine the effect of temperature also indicate that variations observed at high temperatures
are significantly influenced by the changes in surface properties due to oxidation. Given that our
current ex sifu characterization technique considers temperature-induced surface variations,
additional in situ temperature-dependent emittance measurements will be required to accurately
determine how the proposed AHSS spectral emissivity model performs with high-temperature
pyrometry measurements. In addition to elucidating the temperature-dependence associated with
changing electrical conductivity in the metal, further analysis will ensure that the derived model is

directly applicable to industrial conditions.
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3.4. Conclusion

To reduce the temperature-excursions produced by pyrometry errors during intercritical annealing,
emissivity compensation algorithms must be derived that accurately represent how the spectral
emissivity varies with material properties and annealing process parameters. This chapter uses the
response surface methodology (RSM) to analyze and model spectral emissivity variations for dual-
phase AHSS alloys in terms of dew point, silicon-to-manganese (Si/Mn) ratio, pre-annealed
surface state, and wavelength. First, a 2> design shows how dew point, Si/Mn ratio and surface
state interact to produce variations in the spectral emissivity at specific wavelengths between 1.2
pum — 4.0 um. To develop a multivariate spectral emissivity model for multi-wavelength pyrometry
measurements, these three factors are combined with wavelengths (1.6 um, 2.1 um, and 2.4 um)
in a general (2 x 2 x 2 x 3) factorial design.

ANOVA results for the 2* design identify the Si/Mn ratio (B), surface state (C), dew point-
Si/Mn ratio interaction (AB), and Si/Mn ratio-surface state interaction (BC) to be statistically
significant at each of the selected wavelengths. Their combined effect accounts for at least 93% of
the total variability observed in the emissivity at these wavelengths. The main and interaction plots
from this two-level design also indicate that polished samples have large emissivities at the shorter
wavelengths (A = 1.2 pm and A = 1.6 pm), especially in the presence of the lower Si/Mn ratio.

Based on these results, a linear spectral emissivity model is then derived through regression
analysis. The fitted model consists of all four main effects, five two-factor interactions, and three
three-factor interactions. While the model closely interpolates the emissivity measurements, an
analysis of the model residuals suggests the presence of one or more second-order effects that are
not accounted for with the current model. A second-order emissivity model can easily be obtained
using other RSM experiment designs such as 3* factorial design, central composite design (CCD),
or the Box-Behnken design [106], provided more samples are evaluated.

The response surface methodology introduced in this chapter provides key insights into
how the evolving spectral emissivity of advanced high strength steels is influenced by process
parameters during intercritical annealing, and the model derived from the RSM analysis will be
used to provide more robust pyrometric temperatures, which are essential for the latest high-

performance alloys.
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Chapter 4
Experimental apparatus for in situ radiative
measurement?

Given that the objective of this research is to improve the accuracy of pyrometry estimates during
intercritical annealing, an experimental apparatus is needed to simulate how the radiative
properties of DP steel change as the steel is heated, and how these changes impact the accuracy of
emissivity compensation algorithms. The previous phase of this project studied the effect of
temperature on the radiative properties of AHSS exclusively through ex situ analysis of rapidly
quenched coupons processed within the galvanizing simulator at McMaster University [76, 89,
116, 117]. Unfortunately, the McMaster galvanizing simulator does not provide optical access to
the coupons, making it difficult to observe how the radiative properties evolve with process time.
As discussed in Chapter 2, the steel experiences increased electron scattering at higher
temperatures, resulting in changes in radiative properties of the surface. Therefore, ex situ
measurements made at room temperature do not account for the temperature-dependent variations
in emissivity that occur during annealing. Moreover, the radiative properties of the AHSS depends
on the oxides that form on the steel surface during heating, and these oxides may undergo
morphological changes during quenching which would cause the radiative properties of extracted

coupons to differ from the conditions within the chamber before quenching.

2 The prototype design and implementation for Chamber 1 was carried out by Mr. Simon Trivett,
a former MASc student at the Waterloo Laboratory for Inverse Analysis and Thermal Sciences
(WatLIT), University of Waterloo. The upgraded implementation of Chamber 1 was led by Mr.
Roger Tsang (Research Engineer, WatLIT), in collaboration with the author and with assistance
from two undergraduate research assistants at WatLIT, Mr. Nick Ho and Ms. Daphne Patterson.
Chamber 2 (vacuum annealing chamber) was solely designed and assembled by the author with
machining/fabrication contracted to the Engineering Machine Shop at the University of Waterloo.
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In an initial attempt to obtain in sifu temperature-dependent measurements during the previous
phase of the GAP emissivity project, Somveille [3] conducted some preliminary annealing
experiments using a Gleeble® 3500 simulator, following the same process used by Shi et al. [118]
to measure the radiative properties of Al-Si coated ultra high strength steels (UHSS). Specimens
of two types of dual-phase AHSS alloy (DP980 and DP780) were annealed with the Gleeble®
sample chamber filled with ultrahigh purity argon (99.999% purity, O2 <2 ppm) [3]. The spectral
emissivities were inferred as the ratio of the near-normal spectral incandescence measured as the
sample heated to the spectral incandescence emitted from a blackbody source. Unfortunately, the
atmospheric control within the Gleeble® was inadequate to prevent oxidation of the samples, so
the results were not representative of an industrial galvanizing line. To fully address these
shortcomings, it was concluded that a stand-alone annealing simulator similar to the apparatus
described by Ham et al. [77, 88] would be built at the University of Waterloo.

The rest of this chapter describes the annealing simulator components, design, installation,
and the modifications necessary to make the annealing chamber functional in terms of temperature

and heating schedule control, annealing atmosphere control and radiative measurements.

4.1. Features of the annealing simulator

A schematic of the experimental annealing simulator is shown in Figure 4.1. The chamber is
designed to anneal steel coupons according to a specified heating schedule while measuring
irradiance from the surface using various sensing techniques. Each coupon is mounted between
two copper electrodes, which are connected to a programmable DC power supply. The coupon
temperature is PID controlled with feedback from a K-type thermocouple (0.25 mm wire diameter)
spot-welded to the back of the sample. A direct current (DC) power supply was chosen instead of
an alternating current (AC) power supply to minimize the measurement errors caused by induction

in the thermocouple wires.
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Figure 4.1. Schematic diagram of the annealing simulator

Typically, before the coupon is heated, the thermal processing chamber is continuously
purged with 95% N2/5% Ha (certified ultrahigh purity mixture with < 2ppm O2) for at least 20
minutes at a flow rate >8 standard litres per minute (slpm). The chamber exhaust includes a check
valve to prevent back-flow into the system. To obtain the desired annealing dew point, a portion
of the incoming gas is diverted through a tank of deionized water to create a wet flow and then
recombined downstream with the dry flow in a mixing chamber. Two Sierra SmartTrak® 50 mass
flow controllers (MFC) control the proportion of the wet flow (0-5 slpm range) and dry flow (0-
15 slpm range) required to achieve the desired dew point. The dew point of the mixed gas is
monitored using a Michell EA2-TX-100-HD dew point transmitter (hygrometer). The initial plan
was to use a PID controller to automatically control the process dew point; however, it was difficult
to accurately tune the PID constants for the required range of dew points, so the dry and wet MFC
flow rates were manipulated manually instead. After annealing, the samples are quenched using a

resident gas nozzle in order to suspend the surface state at the centre of the sample.
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In terms of optical measurements, the chamber accommodates a Williamson PRO MWX-
ST-17 multi-wavelength pyrometer, an OceanOptics NIRQuest512 spectrometer, a FLIR T400
infrared camera, and a visible camera. The pyrometer is equipped with a filter wheel that houses
the bandpass filters centered on the following wavelengths: 1.6 um (1.505 pum—1.790 um), 2.1 um
(2.025 pm—2.23 pum), and 2.4 pm (2.250 pm—2.45 um). The pyrometer is aimed through a 5.08
cm (2") diameter calcium fluoride (CaF2) window at a focal distance of 350 mm. The spectrometer
is connected by optical fiber to a hard-mounted collimating lens that views the coupon at an oblique
angle. The spectrometer is sensitive over 0.9um — 2.5um; however, due to low signal-to-noise
ratio at the shorter wavelengths, only measurements over 1.2 um are used for in situ pyrometry
analysis. An absolute intensity calibration is carried out on the spectrometer using a blackbody
source (Infrared Systems IR-563/301). The pyrometer and spectrometer measurement spot sizes
are coincident on the center of the AHSS coupon with a diameter of approximately 2.5 cm. The
FLIR camera is employed to check the temperature distribution in the center spot of the sample,
while the visible camera is used to track any visible oxide evolution on the steel surface during
annealing. The spectrometer has a fixed location since it is mounted at an angle but the pyrometer,
FLIR camera and visible camera all use the CaF2 view port so only one of these three devices can
be used at a time.

The actual implementation and embodiment of these features took several iterations and
numerous modifications to obtain reliable annealed samples, primarily due to challenges with
oxygen infiltration and atmosphere control. The following subsections will discuss the design
process for two main versions of the annealing simulator: Chamber 1 and Chamber 2. While the
features and mode of operation of the annealing simulator do not change across the versions of the
chamber, there are key design variations in the ways these features are embodied. The experimental
results analyzed in Chapter 5 and Chapter 6 are based on Chamber 1, while the results from
Chamber 2 are discussed in Chapter 7 and Chapter 8. The motivation behind the detailed design
discussion in this chapter is to establish validity for the in situ emissivity and temperature
measurements that will be introduced in the rest of this thesis, and more importantly, to provide
guidance to future researchers about the challenges and best practices for constructing a thermal

processing apparatus for similar applications.
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4.2. Chamber 1: Box design

4.2.1. Prototype implementation

The first implementation of the annealing simulator is shown in Figure 4.2. The AHSS coupons
were initially designed to bolt to two water-cooled copper electrodes, which were connected to a
30V, 170A DC power supply. The electrodes were water-cooled to minimize the amount of heat
conducted from the hot steel sample to the copper electrodes. While this prototype had a
functioning chamber that could heat steel coupons, making it an effective proof-of-concept, it also
had many drawbacks. First, during the testing phase, it was discovered that the selected DC power
supply did not provide the amount of current needed to heat a full-sized coupon at a ramp rate
representative of a standard heat treatment furnace or a Gleeble®. The prototype also did not have
a functioning atmosphere control system, although most of the hardware for the gas manifold
systems had been constructed. Additionally, the original quench system design was a hole array
aimed at the bottom edge of the sample, which only exposed a narrow surface area to the cooling
gas which would produce a slow quenching rate, making it difficult to freeze the coupon surface
for ex situ characterization. More importantly, the optics and filter windows were not incorporated
in this implementation, so the chamber door needed to be left open during experiments to obtain

any radiative measurements.

Figure 4.2. First iteration of the annealing simulator (Cham‘ber_.l prototype) and (inset) of a
heated coupon.
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4.2.2. Upgraded implementation

To address the issues identified with the prototype, a second iteration of the chamber was
developed as shown in Figure 4.3. Although the second version kept the main cube chamber from
the prototype, several of the components were modified. First, the TDK-Lambda 30V, 170A DC
power supply was upgraded to a TDK-Lambda, 8V, 600A, DC power supply. The existing power
cable (00 AWG copper cables with 250A typical rating) was upgraded to a tinned copper bus bar
(nVent ERIFLEX Flexibar 640A typical rating). The chamber was also transferred from the cart
to an electronic rack for improved ergonomics and safety. The optical instruments and software
for in situ measurements were also installed during this iteration. Both the CaF2 optical window
for the pyrometer and the 25° angular port for the spectrometer-collimating lens assembly were
mounted on the chamber front door. An independent quench nozzle was installed and aimed at the
back of the sample. The nozzle tip was covered in reflective foil to prevent heat damage from its

proximity to the annealing sample. The PID controller was implemented in LabVIEW to control

the heating schedule of the samples during annealing.

>

1

Figure 4.3. Upgraded implementation of Chamber 1 showing the mounted pyrometer and
spectrometer optics, and (inset) a heated coupon.
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These upgrades allowed for AHSS thermal processing under acceptable atmospheric
conditions, making it possible to refine the temperature control and emissivity data collection
process. During this step, it was discovered that new thermocouple wires needed to be used for
each run/experiment to prevent aging and drift in the temperature measurements due to short-range
ordering (SRO) of the crystal structure in the chromel conductor of the K-type thermocouple. It is
important to note that the use of a DC power supply to heat the sample will lead to ohmic offset
error in the temperature measurement if both thermocouple wires are not placed at an equipotential
location along the length of the sample [119]. Therefore, to prevent the ohmic offset voltage error,
the thermocouple wires were first welded together to form an intrinsic bead junction before
welding onto the steel sample.

In addition, the temperature uniformity of the measurement spot was investigated using
infrared thermal imaging on a black-painted sample (ex = 0.94). Figure 4.4 shows that the
measurement spot at the centre of the sample has a temperature uniformity of approximately £5°C
and £10°C at 600°C and 850°C, respectively. Moreover, based on the ASTM E230 standard, the
uncertainty for the thermocouple estimates is +2.2°C or 0.75%, depending on which is greater over

the temperature range [120].
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Figure 4.4. Infrared thermal images of a black-painted AHSS sample showing the temperature
uniformity for the equivalent measurement spot size (a) 600°C and (b) 850°C.

Although the upgraded version of the box design provided in situ temperature and spectral
intensity measurements on annealed AHSS (Chapter 5 and Chapter 6), the heated samples showed

visible signs of oxidation during heating and after quenching irrespective of the low dew point of
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the H2-N2 gas mixture. On further analysis, it was concluded that the observed oxidation could be
due to either oxygen infiltration during the annealing process or residual oxygen within the
chamber despite the extended purging time. First, a makeshift baffle was placed around the gas
inlet within the chamber to promote mixing and avoid any stagnation issues. Next, potential
infiltration areas (leaks) were identified around the chamber using a handheld hydrogen gas sensor.
The first attempt to seal these leaks involved the use of silicone caulk along every seam and
opening. This slightly reduced the amount of observed oxidation, but the sealant deteriorated easily
after one or two runs, especially at the back of the chamber due to movements in the bus bar slots
and door hinge. This led to a redesign of the bus bar mode of connection, as shown in Figure 4.5.
The original gasket was replaced with a vacuum-grade Teflon feedthrough with a copper insert
that connected to bus bar on both sides, thereby eliminating the large gap resulting from having a
continuous bus bar piece. The front door system of the chamber was also modified with an O-ring
and the hinges were replaced with a latch system with two latches on each side of the box (8 latches
in total) to create a uniform seal around the door. Vacuum grease was also applied to the door

before each experiment to improve the seal and minimize the leaks.

Original Updated

O-ring
channels

Figure 4.5. The chamber back panel for the second design iteration (left — original) and third
design iteration (right — updated), showing the modifications made to the bus bar feedthrough
to improve airtightness.

While these modifications eliminated the significant leaks around the bus bars connections

and the front door, samples processed after the modifications continued to show extensive surface
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oxidation, indicative of oxygen infiltration. Further leak tests with the N2/H2 gas and a hydrogen
detector showed that while the modification improved some areas of the chamber, additional leak
sources were introduced during the modification process, especially on the chamber side panels
where new holes were created to accommodate the modified door latch system. In addition, some
of the existing screw holes became redundant from changing out the front and back panels,
contributing to increased leaks. Figure 4.6 shoes the chamber shell with the new and redundant

holes, which contributed to the overall increase in leaks.

) | SOLIDWORKS CAM —
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11 of Chamber-left-side<1>

Figure 4.6. Shell of the upgraded Chamber 1 showing the numerous holes that collectively
contribute to the persistent infiltration problem.

4.3. Chamber 2: Vacuum-based design

The persistent leaks and the sensitivity of the AHSS samples to oxygen infiltration necessitated
the design of an entirely new vacuum-grade chamber. The high AHSS alloy content and its affinity
for oxygen were not fully understood when the original chamber was designed; even the choice of
aluminium for the chamber walls proved inappropriate for this application, given that aluminium
is an oxygen-getter material that emits oxygen when it becomes saturated. This, and many other
lessons learned from Chamber 1, were incorporated into the design of the vacuum-based Conflat
flange annealing setup shown in Figure 4.7. Detailed engineering drawings are included in
Appendix B. Although the chamber can hold vacuum, the samples are heated and quenched under
slightly positive atmosphere pressure. The goal of using a vacuum chamber is to allow for pumping

down the annealing environment to remove all oxidants (e.g., oxygen, water vapor, and carbon
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dioxide) before refilling the chamber with the desired atmosphere, while simultaneously

preventing any leakage or infiltration.

Figure 4.7. Vacuum-based implementation of the annealing simulator (Chamber 2): (a) the
CAD model and (b) final implementation showing the mounted pyrometer and spectrometer
optics, and (inset) a heated coupon.

Experiments begin by evaluating the chamber using a Varian DS 402 pump to a medium
vacuum pressure between 28-100 Pa, as measured with a vacuum gauge at the exit. While the
chamber can achieve 100 Pa within two hours of pumping, the chamber and gas lines are usually
pumped overnight (> 12 hours) to promote gas desorption from the surfaces within the chamber
(i.e., outgassing). In addition to the vacuum gauge placed at the outlet, a zirconia oxygen sensor
(Rapidox 2100 Oxygen Analyser) is also installed to monitor oxygen content within the chamber.
The oxygen content after pumping usually ranges from 5 ppm to 20 ppm. The vacuum gauge and
oxygen analyzer serve as diagnostic tools since failure to reach these values during pumping
indicates an imperfect seal on the chamber door or infiltrations along the gas or quench lines. After
achieving the desired pressure and oxygen concentration for the vacuum, the chamber is first pre-
purged with regular high purity N2 (< 5 ppm O2) before switching over to the ultra-high purity N2-
H2 mixture (certified < 2 ppm O2). The O2 concentration reading during the nitrogen pre-purge is
usually less than 2 ppm. Having a two-step purging process serves two purposes: (1) it extends the

purging time to get rid of lingering oxidants without wasting the expensive nitrogen-hydrogen
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mixture; and (2) it allows for a final oxygen infiltration check in the gas lines as the O2
concentration drops to very low values (<10-20 ppm) in the presence of the reducing atmosphere.
The chamber redesign process successfully eliminated the visible oxidation problems as shown in
Figure 4.8 (in situ) and Figure 4.9 (ex situ after quench). The water and mixing vessels for the
atmosphere and dew point control system were also redesigned as vacuum chambers to provide
leak-free dew point control for the annealing process. Additionally, an SF72 dew-point transmitter
compatible with the Rapidox oxygen analyzer is installed at the exit to confirm that the dew point
within the chamber matches the dew point at the inlet mixing chamber. The O2 concentration is
continuously monitored throughout the course of the annealing experiment. Having an oxygen
sensor in addition to the dew point sensors in this annealing setup is extremely important to
estimate the overall oxidation potential of the annealing atmosphere. Dew point measurements
only indicate the oxidation potential of the annealing atmosphere due to water vapour with no
insight into the contributions of other oxidants on the oxidation potential of a mixed atmosphere,
such as when the oxygen infiltration scenarios encountered with Chamber 1.

The key decisions that led to this successful redesign are summarized in Appendix B, along
with detailed engineering drawings. AHSS coupons annealed in Chamber 2 were further validated
by comparing them against samples processed in the McMaster galvanizing simulator, which is
the benchmark laboratory setup for simulating industrial annealing processes. The results of this

comparison will be discussed in Chapter 8.
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(a) Chamber 1 (b) Chamber 2

~400°C

Figure 4.8. In situ images of annealing AHSS coupons at 400°C, 500°C and 600°C showing
differences in the temperature-dependent visible oxides obtained with (a) Chamber 1 (upgraded)
and (b) Chamber 2.

(a) Chamber 1 (b) Chamber 2

%3

Figure 4.9. Ex situ images of the AHSS coupons processed in (a) Chamber 1 (upgraded)
showing the anomalous visible oxide formed on the steel surface after quenching, while samples
annealed in (b) Chamber 2 do not have this oxide layer.
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Chapter 5
Impact of evolving spectral emissivity on pyrometry?

This chapter examines how the evolving surface state of dual-phase steel (DP980) affects the
spectral emissivity of the material and pyrometrically inferred temperature during annealing.
While temperature is the main quantity-of-interest, many experiments have also investigated how
the spectral emissivity of metals and alloys changes during heating. Shi et al. [118] investigated
how coating evolution and different heating atmospheres (argon and air) affected the spectral
emissivity of Al-Si coated 22MnB5 steel. Gonzalez-Fernandez et al. [121] studied how thermal
cycling and surface roughness impacts the spectral emissivity of Ti—6A1-4V alloy between 500
and 1150 K in the mid-infrared spectrum (2.5um — 22um). Teodorescu et al. [ 122-124] studied the
spectral emissivity of nickel, titanium, alumina and zirconium heated under ultra-high vacuum
conditions at temperatures ranging from 823 K and 1650 K. Comparatively few studies have
focused on the relationship between the evolving surface state and the spectral emissivity of
uncoated AHSS, with the exception of the works by Ham et al. [77, 88], Somveille et al. [116],
and Lin and Daun [74-76, 116, 117], as described in Section 2.2.2.

In this chapter, in situ spectroscopic measurements made on DP980 coupons annealed
within the Waterloo annealing chamber are used to explore the connection between the evolving
surface state and the spectral emissivity, and thus the pyrometrically-inferred temperature.
Coupons are heated within a controlled reducing atmosphere of 95% N2/5% Hz and a dew point
of -40°C. Spectral irradiance is measured simultaneously with a near-infrared spectrometer (0.9um

— 2.5um) and a multi-channel pyrometer (1.6pum, 2.1pum, and 2.4pum). The visible change in the

3 The content of this chapter has been disseminated in a conference paper as:

F.K. Suleiman, K. Lin, R. Tsang, T.F. Larrick, and K. J. Daun, 2019, “Impact of evolving spectral
emissivity on pyrometry during intercritical annealing,” Proceedings of the 111th Galvanizers
Association Meeting, Charleston, South Carolina, USA.
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appearance of the steel surface is related to the variation in spectral emissivity. The performance
of ratio and multi-wavelength pyrometry methods for estimating the surface temperature of AHSS

is also examined.

5.1. Experimental procedure

The 152.4 mm x 25.4 mm x1.5 mm coupons were cut from a coil of cold-rolled DP980. The
elemental composition of the steel conforms to ASTM A1079-17 standard as detailed in Table 3.1.
Although the exact composition of the coupon used in this experiment is proprietary, the Si/Mn
mass ratio measured by spark atomic emission spectrometry is 0.04. Figure 5.1 shows the near-
normal directional-hemispherical spectral emissivity of the as-received coupons measured with a
Bruker Invenio-X FTIR spectrometer. All samples are cleaned with ethanol to remove oil and

surface contaminants before annealing.
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Figure 5.1. Plot of spectral emissivity (&) vs wavelength (A) for as-received DP980 at room
temperature.

The DP980 coupon is heated in the chamber described in the chamber described in Section
4.2.2. Before the coupon is heated, the thermal processing chamber is continuously purged with
95% N2/5% Hz at a rate of 8 standard liters per minute for at least 20 minutes. All tests described
in this chapter were carried out with the gas mixture at a dew point of —40°C. The coupon is heated
to 800°C according to a linear ramp rate over 60s (13.33°C/s), soaked at 800°C for 30s, and then
quenched with the process gas. In situ measurements are conducted only during the sample heating
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process, so the quench rate is uncontrolled. The spectrometer collects spectra every 0.25 s during
the sample heating schedule. The pyrometer data acquisition time interval is set to 0.1 s for these
experiments. The spectrometer data is further smoothed with a first-order, three-frame Savitzky-

Golay filter.

5.2. Experimental results

The actual temperature reported by the thermocouple attached to the steel coupon is shown in
Figure 5.2. A straw-colored oxide layer begins to form when the sample approaches 300°C and
appears fully formed by the time the steel heats up to 500°C. This indicates some amount of
residual oxygen in the chamber. The oxide begins to dissipate as the sample temperature increases
further and appears to be completely gone as the sample reaches 700°C. The shaded region in
Figure 5.2 corresponds to the presence of the oxide and the stages of the oxide layer formation are

also shown in Figure 5.3.

900 , . |
800+ observed 800°C, 30s soak
oxidation
700¢
600|
O | heating rate _
= " ~13.33°C/s uncontrolled
= 400} process
3001 quench
200 —— Thermocouple
1001 ———Set Point

0 20 40 60 80 100 120
t [s]

Figure 5.2. Thermocouple reading for the annealed DP980 sample showing the region of the
observed oxidation.
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Figure 5.3. Images of the coupon surface during heating. The sample surface is clean at the start
of the experiment (a), but an oxide layer begins to form at ~300°C (b), becomes thicker (c), and
is fully formed by ~500°C (d). The oxide starts to clear at ~600°C (e) and cannot be seen at
~700°C ().

5.2.1. In situ spectral emissivity

The normal spectral emissivity, €, is calculated from the intensity measured by the spectrometer,
such that, ex (A, 7) = I (A, T)/ hw (A, T), where A is the measurement wavelength; 7 is the sample
temperature given by the thermocouple; /5. is the spectral intensity recorded with the spectrometer;
and Li» is the blackbody spectral intensity at the sample temperature. The time-and temperature-
dependent spectral normal emissivity for the DP980 sample is plotted in Figure 5.4 and Figure 5.5
for temperatures ranging from 400°C — 800°C. The higher spectral emissivity observed during the
heating coincides with the formation of the oxide film illustrated in Figure 5.3. Alloying elements
such as Mn, Al, Si, and Cr segregate from the bulk material toward the surface and form selective
oxides during annealing. The change of surface topography caused by these oxides will also lead

to variation in the spectral emissivity [18, 99]. Under the conditions of this experiment, based on
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the Ellingham diagram [114] one would expect to see manganese or chromium oxide form on the
surface.

The spectral emissivity plotted in Figure 5.4 and Figure 5.5 decreases with increasing
wavelength, which is typical for metals over infrared wavelengths. The spectral emissivity is
highest at 400°C due to the oxide formation but decreases as the temperature increases and the
oxide clears. The radiative properties at shorter wavelengths (< 2pum) are more impacted by oxide
formation compared with those at longer wavelengths. The spectral emissivity remains stable once
the surface reaches 800°C, and the values of ¢ at the beginning and end of the soak period are

indistinguishable from each other.

Heating (400°C-800°C)  Soaking (800°C)
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Figure 5.4. Evolving spectral emissivity, €., of DP980 coupon measured using the NIR
spectrometer. Dashed lines correspond to pyrometer detection wavelengths.
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Figure 5.5. Plots of the spectral emissivity, &, as a function of (a) wavelength (1) and (b) time
(¢) and temperature (7).
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5.2.2. Pyrometrically-inferred temperature

This section investigates how the varying spectral emissivity affects the pyrometrically-inferred
temperature by evaluating the accuracy of the DW (ratio) and MW pyrometric temperature
estimated for the steady-state condition, i.e., the soaking period, where the effect of the surface
oxide is minimized. In the case of ratio pyrometry, the emissivity ratio, e for the wavelength
combinations indicated in Table 5.1 is obtained from the spectral emissivity of the as-received
sample at room temperature shown in Figure 5.1. The inferred dual-wavelength temperature is

then calculated using Eq. (2.11), i.e.,

c, [1_1}
T fo Ta (5.1)

Table 5.1. Spectral emissivity ratio (e-slope) measured from the as-received DP980 sample

Wavelength o ‘
o Emissivity Ratio, e
Combination
Ratio 1 1.6 pm/2.4 pm 1.296
Ratio 2 1.6 um/2.1 um 1.178
Ratio 3 2.1 pm/2.4 pm 1.100

For the multi-wavelength approach, several emissivity compensation algorithms from
literature were evaluated and the three exponential emissivity compensation algorithms listed in
Table 5.2 were found to give the highest accuracy. For the equations in Table 5.2, ao is the
algorithm constant and 73 is spectral radiance temperature, i.e., the equivalent blackbody
temperature calculated using the measured spectral irradiance. The irradiance measured by the
pyrometer at the three detection wavelengths (p = 3) is solved simultaneously using non-linear
least-squares regression to minimize the sum of squared errors given by

P
1= DI, pge) = I0(S, o )T (5.2)
i=1

1
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where S7.meas,i 1S the measured spectral irradiance and S.mod.i 1s the modelled spectral irradiance that
minimizes the sum of squared errors using the emissivity compensation algorithm. The equation

for Si.mod.i 1s obtained by combining Egs. (2.5) and (2.6) to give

S K (xd,i,T) C,

A.gen,i C
Ay | exp| 2
’ AT

The calibration constant, K, is determined through a blackbody calibration process, Planck’s

(5.3)

distribution constants, C1 and (2, are provided in Section 2.2, and the emissivity models listed in

Table 5.2. are substituted in place of €14, (4d., T) for each model estimate.

Table 5.2. Multi-wavelength emissivity compensation algorithms

Emissivity Model Mathematical Representation
Model 1 &, =exp(ah,)
>\’d
Model 2 €ia =CXp| Ay ——
v

NLY
Model 3 €4 = CXp| a, T

The inferred temperature obtained as a function of time for both the ratio and multi-
wavelength (MW) methods is displayed in Figure 5.6 and Table 5.3 summarizes the performance
of the pyrometry methods in terms of the maximum absolute error and the average relative error.
The best estimator overall for the soaking period is MW Model 2. Although both methods over-
predict the surface temperature, the multi-wavelength method provides a better estimate of the
surface temperature in comparison to the ratio method. A similar analysis of the pyrometrically-
inferred temperature for TRIP steel heated up to 850°C also showed over-prediction of the true

surface temperature [17].
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Figure 5.6. Pyrometrically-inferred temperature for (a) ratio pyrometry and (b) multi-wavelength

pyrometry.

Table 5.3. Maximum absolute error and average relative error for pyrometry methods

Pyrometry Model Max Abs. Error Avg. Relative Error
ode
Method Soaking (°C) Soaking (%)

Ratio 1 324 3.57

Ratio Ratio 2 423 4.86
Ratio 3 8.5 0.45
Model 1 16.8 1.37

Multi-
Model 2 6.3 0.12

wavelength

Model 3 37.9 3.99

For the ratio pyrometry methods, the best approximation during the soaking period was
obtained for Ratio 3 (2.1 um/2.4 um). The greater precision observed for the 2.1 um and 2.4 um
wavelength combination is most likely due to the proximity of the spectral bands to the region of
emissivity consistency. As seen in Figure 5.4 and Figure 5.6 (a), the emissivity at wavelengths
longer than 2um experience the least variation with changing temperature and surface oxide

condition. Tsai et al. [69] also noted that among five detection bands centred at 1.8 um, 2.18 um,
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2.4 um, 3.5 um, and 4.5 pm, the bands at 2.18 um and 2.4 pm produced the most accurate results

for ratio pyrometry.

5.2.3. Inferred spectral emissivity from the pyrometry models

The accuracy of the pyrometry algorithm depends on the accuracy of the corresponding emissivity
model. Figure 5.7 compares the €» measured by the spectrometer to the values assumed by the ratio
pyrometry models, which are obtained by substituting the inferred temperature into Eq. (5.3). The
plots show that ratio pyrometry models do not fully capture how &. changes with the evolving
surface state. The MW models give a better approximation of €, as shown in Figure 5.8. For the
MW models, the spectral emissivity was obtained by substituting the values of ao found by
nonlinear regression, i.e., Eq. (5.2), into the emissivity models in Table 5.2. The significant
difference between emissivities predicted using Model 2 and Model 3 suggests that the spectral
emissivity for DP980 is best described by an exponential of linear first-order function of 4. Model
2 outperforms Model 1 because the former model accounts for the effect of the changing

temperature in addition to wavelength.
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Figure 5.7. Spectral emissivity for ratio pyrometry models compared with experimental data: (a)

Ratio 1(1.6pm/2.4um), (b) Ratio 2 (1.6pum/2.1um), and (c) Ratio 3 (2.1um/2.4um).
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5.3. Conclusion

This chapter investigated the spectral emissivity for DP980 steel coupons annealed in 95% N2/5%
H: at a dew point of —40°C. Time-resolved spectral emissivity measurements are made in situ
using a near-infrared spectrometer and then compared to values inferred from a multi-wavelength
pyrometer and a range of ratio and multi-wavelength pyrometry algorithms. The algorithms are
also assessed for their ability to predict the coupon temperature. The spectral emissivity of the steel
coupon varies strongly with the formation and dissolution of an oxide layer on the steel surface,
especially at wavelengths less than 2um. The most accurate ratio pyrometry predictions are
obtained at the longest measurement wavelengths, 2.1 um and 2.4 um. The temperature and
emissivity measurements found with the multi-wavelength algorithms are generally superior.

These results highlight the fact that accurate pyrometry relies on an accurate emissivity model.
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Chapter 6
Bayesian approach to pyrometry of advanced high
strength steel?

While several deterministic emissivity compensation approaches have been developed to mitigate
pyrometer errors caused by uncertain spectral emissivity, none of these methods have yet to
accurately capture how the spectral emissivity of automotive AHSS alloys varies with
interdependent material properties and processing conditions.

In Chapter 5, we saw that uncertain wavelength-dependent variations in spectral emissivity
makes it difficult for emissivity compensation algorithms to truly capture how the spectral
emissivity of AHSS varies with the evolving surface state of the steel strip during thermal
processing. Additionally, Thiessen et al. [17] showed that using a quotient pyrometer (i.e., dual-
spectral/ratio pyrometry method with greybody approximation) on transformation induced
plasticity (TRIP) AHSS alloys produced temperature deviations of up to 52 K due to the emissivity
fluctuations caused by an oxide layer that forms on the steel surface during annealing. Thermal
excursions caused by pyrometry errors may impact the microstructure and mechanical properties
of advanced high-strength steels (AHSS) significantly. Mosser et al. [18] showed that, for an
annealed dual-phase (DP980) AHSS alloy, temperature deviations of 50 K below the nominal
temperature negatively impacted the yield strength of the steel while deviations of 50 K above the
nominal temperature compromise the elongation at failure, affecting the ductility of the steel.

All pyrometry algorithms employ some a priori knowledge of the spectral emissivity of

the target material, which is imperfectly known at best and inevitably leads to significant

* The content of this chapter has been published as:

F.K. Suleiman, K. Lin, R. Tsang and K. J. Daun, 2022, “Bayesian approach to pyrometry during
intercritical annealing of advanced high strength steel,” Meas. Sci. Technol., 33, 115012 (16pp).
doi: 10.1088/1361-6501/ac849e.
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uncertainties in the inferred temperatures [17, 125-127]. Nevertheless, very few studies have
attempted to address this problem in a statistically rigorous manner. Aratjo and Martins [128]
applied Monte Carlo simulation to evaluate the uncertainty in dual-band pyrometry measurement
using the grey surface approximation at ambient temperature by accounting for the uncertainty of
the detectors, emissivity of the target surface, background temperature of the surrounding surfaces,
and spectral characteristics of the detectors. Saunders [129] used sensitivity coefficients and the
ISO-standard [130] propagation of uncertainty to derive analytical expressions for the uncertainty
introduced by the dependent and independent calibration points for a three-parameter non-linear
pyrometry calibration equation, solved by both exact fitting and least-squares methods.

This chapter proposes a Bayesian framework for estimating the pyrometrically-inferred
temperature and, crucially, its associated uncertainties. In this approach, all variables
(measurements, calibration coefficients, spectral emissivity, and inferred temperature) are treated
as random variables that obey probability density functions (pdfs) related through Bayes’ equation.
Although Bayesian inference has been used to provide robust temperature estimates for niobium
and AISI 52100 alloy steel [131] and other inverse problems and remote sensing applications [ 132-
135], to the best of the author’s knowledge, this is the first time that Bayesian inference has been
used to carry out pyrometry on AHSS strip temperature for continuous galvanizing. This study
starts with the derivation of a pyrometry noise model, followed by a discussion of the Bayesian
pyrometry framework that connects the surface temperature to the measured signal. The Bayesian
framework includes appropriate prior distributions for the pyrometer calibration constants and,
most importantly, the imperfectly known spectral emissivity. The spectral emissivity prior is
derived from ex sifu measurements carried out on steel coupons processed in the McMaster
galvanizing simulator (MGS, Iwatani-Surtec). The Bayesian pyrometry model is then applied to
in situ pyrometry measurement from DP980 coupons processed within the Waterloo Annealing
Simulator (WAS). The availability of simultaneous in situ thermocouple measurements from the
WAS provides a basis for demonstrating the viability of the Bayesian framework to quantify the

uncertainty in pyrometrically-inferred temperature.
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6.1. Pyrometry noise model

In this thesis, temperature is inferred from pyrometry measurements recorded at three wavelengths:
1.6 um, 2.1 pm, and 2.4 um, corresponding to the detection channels for a commercial multi-
wavelength pyrometer, a Williamson PRO MWX-ST-17, which is typically used on continuous

annealing and galvanizing lines. As per Section 2.2, the modelled pyrometry signal is given by

S, =K, (Ay)-& (A, T,0)- Ly (A, T) AN (6.1)
where Ad is the center wavelength, Ki is the calibration constant that describes the photoelectric
efficiency of the detector and detector optics, and /lw is given by Wien’s approximation to the
Planck distribution in Eq. (2.6).

Although pyrometer measurement noise is not the main source of uncertainty when it
comes to the accuracy of the inferred temperature, it is important to consider how stochastic
variations in the pyrometer measurements may affect the inferred surface temperature. Given the
nonlinearity of the pyrometry measurement model, neglecting the measurement noise would both
introduce bias and underestimate the uncertainty in the inferred temperature. Measurement noise
from a photoelectric detector comes from two main sources: photon shot noise due to the discrete
and random nature of generating free electrons in the detector, which obeys a Poisson distribution;
and the electrical and thermal noise produced by the electronics, which is normally distributed.
The signal-dependent combination of the photon shot noise and thermal and electric noise is
typically described using a Poisson-Gaussian noise model [136-138]:

S, =S, +88/°% = S, +3S; +08; (6.2)

n015¢ 45 the total measurement

where S). is the expected noise-free signal modelled by Eq.(6.1), 85k
noise, 85, is the signal-dependent Poisson component, and 85,.¢ describes the signal-independent
Gaussian component.

For applications involving a large number of photons and electrons, which is the case here,
the Poisson distribution can be modeled as a heteroskedastic Gaussian distribution having a

variance equal to expected signal, S (in counts) [136, 137]:
58Sy ~ A (0,5,) (6.3)
while the Gaussian noise component is signal-independent and therefore modelled as white noise,

3Sy ~ A (0.07) (6.4)
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Since both noise components are normally distributed, the total noise affecting pyrometry
measurements can also be expressed as a Gaussian distribution. If the pyrometric measurements
at any instant are stored in a vector S, and assuming that the Gaussian noise affects each channel

independently,
S, ~ /l/(§k,rs), I, = diag(§X)+GéI (6.5)

For independent measurement channels, the measurement covariance, I's, is simply a
diagonal matrix of the signal variance, i.e., I's = diag([os12, 652%, 653°]). Therefore, at each detection
wavelength of the pyrometer, the signal variance, csi, is given by

6, =S, +0] (6:6)

This linear relationship between the signal variance and the average measured signal
corresponds to a pure Poisson-Gaussian noise model [136, 137]. However, the actual measurement
noise might differ from a strictly linear model in the presence of shot-to-shot variations [136] or
clipping (over- and under-exposure) of the detector [137].

To accurately characterize the measurement noise for the pyrometer device in this thesis,
the intensity from a blackbody cavity (Infrared Systems IR-563/301) is measured at temperatures
between 350°C and 850°C, in increments of 50°C. A set of 1160 sequential shots is recorded at
each temperature. Figure 6.1 shows a plot of the signal variance against the signal mean for all
temperatures at the three detection wavelengths. The linear fit approximating the Poisson-Gaussian
model in Figure 6.1 does not capture the measurement noise, indicating a highly nonlinear noise
pattern. Instead, the noise profile is better described by a sigmoid function,

) a
c, = —1 N e—b(&-—c) (6.7)

in order to better capture the nonlinearities that dominate at the lower and higher signal intensities.
The coefficients of the sigmoid noise function at the three detection wavelengths are provided in

Table 6.1. Figure 6.1 shows that Eq. (6.7) provides a more accurate model for the measurement

noise.
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Table 6.1. Coefficient of the sigmoid noise function modelled on the emission from a black body
source at 350°C to 850°C.

) Wavelength
Cocfficient 1.6 pm 21 umg 2.4 um
a 3.09 x 10° 7.75 x 10° 5.92 x 10°
1.66 x 10° 8.55 x 1077 9.99 x 1077
c 2.63 x 10° 5.21 x 10° 4.73 x 10°
x 106 x 106 x 106
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Figure 6.1. Signal variance, osi?, plotted against the mean signal, S, at the three detection
wavelengths: (a) 1.6 um, (a) 2.1 pm, and (c) 2.4 pm. The solid red line corresponds to the sigmoid
function while the dashed black line represents the linear fit.

6.2. Bayesian framework

In current industrial practice, temperature is usually inferred from multispectral pyrometric
measurements through naive least-squares regression in which the spectral emissivities and other
model parameters are interpreted as deterministic, i.e., having a single “perfectly known” value.
The Bayesian framework, on the other hand, treats the quantities-of-interest (Qols), ancillary
model parameters (called nuisance parameters), and measurement data as random variables
described by pdfs. In the case of three-wavelength pyrometry, the quantity-of-interest is
temperature, T, the data is contained in the measured signal vector, S = [Si1, Si2, Si3]", and the
nuisance parameters are the spectral emissivities, € = [exd1, €rd2, €1d3] T, and the calibration constants,
K = [Ku1, K2, Ki3]" at the detection wavelengths. For ease of notation, the nuisance parameters
are combined into a vector, ¢ = [g; K]. The pdfs that govern these variables are related by Bayes’

equation
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T’(P)ppr(T’q))
p(S)

where p(T, @|S) is the posterior probability of temperature and the nuisance parameters conditional

(o) =215 « p(S

T,0) Py (T) Py (@) (6.8)

on the observed pyrometry measurements, p(S|7,¢) is the likelihood of observing the
measurements given a hypothetical temperature and set of nuisance parameters in the context of
the noise model, ppr(7) and ppr(@) encodes prior knowledge about 7" and @, respectively, and p(S)
is the evidence, which scales the numerator of Eq. (6.8) so that the posterior density satisfies the
Law of Total Probability. In this case, it is assumed that the priors for the target surface temperature
and nuisance parameters are independent, ppr(7, @) = ppr(T)-ppr(@). This is tantamount to assuming
that the spectral emissivity is independent of temperature, which is not likely to be the case since
the spectral emissivity depends on the temperature-dependent bulk electromagnetic properties of
the steel. However, since the exact nature of the relationship between temperature and spectral

emissivity is unknown, these variables are modeled as independent.

Since the measurement noise is normally-distributed, the likelihood is given by

meas _ qmod Tyr meas _ qmod
o) 1 - _[s $™!(T.,¢) | LiLy[8™*-8™(T.9)] 69)

[(2n)"der(r, ) | ?

where 8™ is a vector of the measured data and S™¢(T,¢) is the modeled pyrometer signal

p(s

expressed by Eq. (6.1), Ls = chol(I's™!), and m = 3 represents the number of measurements.

If no information about the temperature or radiative properties is available prior to the
measurements, an “uninformative” prior is used [139], and p(7, ¢|S) = p(S|7,¢) In this case,
however, the number of unknowns exceeds the number of measurements, and an infinite set of [ 7}
¢] exists that can explain the observations equally well. Accordingly, some prior knowledge is
required to estimate surface temperature from the pyrometry measurements. Prior distributions are
often defined according to the Principle of Maximum Entropy [140], which states that the
distributions should maximize information entropy (i.e., minimize information content) subject to
constraints of testable information. Accordingly, an uninformed prior is used for 7, i.e., pp(7) = 1,
while multivariate normal (MVN) distributions are specified for K and g, which are maximum

entropy distributions when estimates of the mean and covariance are available.
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6.2.1. Sample-based spectral emissivity prior

A sample-based prior for the spectral emissivity is constructed by fitting an MVN distribution to
27 ex situ spectrometer measurements carried out on cold-rolled DP980 coupons

P, (8)~N(n,.T,) (6.10)

where pe and I'c are the sample mean and sample covariance, respectively. The directional spectral
emissivity is inferred from directional-hemispherical spectral reflectance measurements based on
Kirchhoff’s law. These ex situ spectral reflectance measurements were obtained using a Cary 5000
UV-Vis-NIR spectrophotometer (0.25 um — 2.5 pm) and a Bruker Invenio-R FTIR infrared
spectrometer (1.2 um — 25 pum), both equipped with integrating spheres. Some of the DP980
samples were measured in their as-received state (4 samples), while 15 samples were first annealed
up to 800°C using a galvanizing simulator within a 95%/5% N2/Hz atmosphere at two dew points,

—-30°C and 10°C [74, 115]. The remaining samples were quenched at various points (463°C, 704°C

and 802°C) in the heating schedule to capture how the surface state may vary with processing
temperature [76, 99, 116]. While previous studies (e.g., [77, 141]) have shown that the spectral
emissivity varies with annealing atmosphere and processing time, in this work all measurements
are grouped into one bucket irrespective of their annealing processing parameters in order to reduce
variance and reflect the fact that, in lieu of a specific model that connects the evolving spectral
emissivity to the as-received state and process history, combining the measurements amounts to a
maximum entropy treatment. More details on the coupon preparation, annealing and emissivity

measurement technique can be found in Ref. [74, 76, 99, 115, 116].
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Figure 6.2. Histograms and corresponding normal distribution for the sample-based spectral
emissivity priors obtained from ex situ measurements for the three detection wavelengths: (a)
1.6 um; (b) 2.1 um; and (c) 2.4 pm.
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Figure 6.2 shows histograms of emissivity measurements made at the three detection
wavelengths, which suggests that the emissivities are normally-distributed; this is confirmed
through normal probability plots (NPP) [106] and several other normality tests at 95% confidence
interval (5% significance level) [142]. Table 6.2 shows the p-values for ten different normality
tests performed on the sample for each of the detection wavelengths. The distribution for 2.1 um
and 2.4 pm passed all the tests with each of the p-values greater than 0.05, while the 1.6 um
distribution failed just two out of the 10 tests. Based on this, the sample mean and covariance for

the normally distributed spectral emissivity are

0.4700 0.0034 0.0026 0.0023
p,=[0.3856|, I' = |0.0026 0.0022 0.0021 (6.11)
0.3453 0.0023 0.0021 0.0020

The large magnitude of the off-diagonal elements of the covariance matrix, I'e, relative to
the variance, indicates that € is monotonically decreasing with increasing A, which is supported

by electromagnetic theory [54].

Table 6.2. Normality test results for the sample-based spectral emissivity priors at 95% confidence

interval.

Normality Test Name

1.6 um

2.1 um

2.4 um

p-value Normality

p-value Normality

p-value Normality

KS Test: Limiting form 0.498 v 0.949 v 0.909 v
KS Test: Stephens Method 0.078 v 0.150 V4 0.150 v
KS Test: Marsaglia Method 0.452 v 0.924 v 0.875 v
Lilliefors (KS) Test 0.076 v 0.200 v 0.200 v
Anderson-Darling Test 0.026 0.699 v 0.558 v
Cramer-Von Mises Test 0.018 0.722 V4 0.583 v
Shapiro-Wilk Test 0.094 v 0.677 v 0.463 v
Shapiro-Francia Test 0.077 v 0.636 V4 0.608 v
Jarque-Bera Test 0.304 v 0.548 v 0.519 v
D’Agostino and Pearson Test 0.167 v 0.469 V4 0.457 v
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6.2.2. Calibration coefficient prior

Priors for the calibration coefficients are obtained through a calibration procedure using blackbody
cavity measurements at temperatures between 350°C and 850°C, in increments of approximately
0.55°C. The pyrometer response is linear to the incident spectral irradiation [52]. In the Bayesian
context,

P(K[Se, T ) ¢ p(Sc|K. T )% pprcar (K) (6.12)
where Tc is the vector of the blackbody calibration temperatures, 7c,, and Sc is the vector of
pyrometry signals, Sic,, measured at each calibration temperature. The index j labels the blackbody

calibration temperature points. The blackbody source has a calibration accuracy of £0.2°C and a

short (long) term stability value of +0.1°C (£0.2°C). In this work, the blackbody calibration
temperatures in Tc are assumed to be normally distributed about their nominal values with a
standard deviation of £1°C, to account for calibration accuracy, stability, and any additional
variations that might be introduced due to imperfect experimental conditions. The covariance
matrix for the measurement noise at the three detection wavelengths is I'sc = diag([osci?, 6sc2?,
osc3’]), where the signal variance, csci?, is given by the sigmoid function, Eq. (6.7) and the
coefficients in Table 6.1. In the absence of prior knowledge of the calibration coefficients, ppr.caL
(K) =1, so p(K|Sc,Tc) = p(Sc,Tc|K). Moreover, due to the linearity of the measurement model
Sic(Tc) = Kalw(Tc) it can be shown that both the likelihood and posterior are normally distributed,

therefore

KMAP  KMLE arg minHLSC [S‘(’?e"‘s - S?Od (Tc )}
K

g argéninHLSC [Sg‘e“ —K-B}H2 (6.13)

where B is a vector of blackbody intensities at the calibration temperature, B; = hw(7c,), and Lsc
= chol(I'sc’") is a weighting matrix derived from the measurement noise covariance.

The uncertainty introduced by the measurement and model parameters is propagated
through to the calibration coefficients, K, using a Monte Carlo simulation [139]. Random values
for the calibration temperature, Tc, and the calibration measured signal, Sc, are sampled from their
prescribed distributions and substituted into the linear measurement model. The corresponding

calibration coefficients, K, are then evaluated for each set of random samples. After 50,000
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iterations, the resulting calibration coefficient prior is normally distributed as shown in Figure 6.3

and given by pp(K) ~ Mk, I'k) where

2240.97 1.3837 0 0
pe =[258524 |, I'y = 0 0.8645 0 (6.14)
2189.59 0 0 0.4376

Comparing I's and I'k in Eqs. (6.11) and (6.14) respectively, relative to the mean values of
their distributions, show that the uncertainty introduced by the calibration constant is small
compared to the uncertainty introduced by the spectral emissivity. Additionally, based on the
diagonal elements in both I's and I'k, the uncertainty is generally largest at 1.6 pum and appears to

decrease with increasing detection wavelength.
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Figure 6.3. Histograms and corresponding normal distribution for the pyrometer calibration
coefficient prior at the three detection wavelengths: (a) 1.6 um; (b) 2.1 um; and (c) 2.4 pm.

6.2.3. Inferring the temperature

The priors for spectral emissivity and the calibration coefficients can be combined into a single

prior for the nuisance parameter vector @, ppr(@) ~ N (po, I'y), where py = [pe; px] and Ty is a

block-diagonal combination of I': and I'x

r. o
r(p:[o FJ (6.15)

The maximum a posteriori (MAP) estimate for 7 and ¢ is found by maximizing Eq. (6.8),

which is equivalent to

2+‘L¢[(p—p,(p]

L [S™ -S™(T.9)] 2} (6.16)

(T,9),,, =arg maxp(T,(p|S) = arg min {‘
T,p 7,9
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where the matrices Ls = chol(I's™!) and L = chol(I'!) weigh the influences of the data in S and
the prior estimate py by their respective covariances/uncertainties. Equation (6.16) provides a
point-estimate of 7 and ¢, but a key advantage of the Bayesian approach is that the uncertainties
of these variables are reflected directly by the posterior pdf. Often the posterior can be modeled as
normally distributed about the MAP estimate, in which case
LJ, LJ, LJ.][LJ, LJ, LJ,
Ioosr = 0 L, 0 0 L 0 (6.17)

€

0 0 L, 0 0 L,

where Jt = (051/0T, 0812/0T, 0S:3/0T]", J: = diag((6Sn1/0er1, OSx /0812, 0S13/013]) and Jx =
diag((0Sn1/0Kn1, 0S12/0Ko2, 0533/0K)3]), all evaluated at the MAP estimate. Finally, the univariate

posterior probability density for temperature is found by marginalizing out the nuisance parameters

p(7]8)= [ p(T.0/S)do (6.18)

Following the MVN approximation, p(7]S) is simply a normal distribution centered at 7map with

a variance equal to the corresponding diagonal term in I'posr.

6.3. Pyrometer and in situ measurements

The Bayesian analysis is carried out on the same in situ pyrometry measurements presented in
Section 5.2.1. The raw measured pyrometer signals, Sy, are shown in Figure 6.4 (a) alongside the
thermocouple-measured temperature. The noise on the thermocouple measurement is assigned a
normal distribution with a standard deviation equal to + 0.75% of the nominal temperature values.
The in situ normal spectral emissivities, shown in Figure 6.4 (b), is calculated from the intensity
measured by the NIR spectrometer, according to ex = L(71)/hw(Tt), where I is the blackbody
intensity at the thermocouple temperature, 7, for each time step. The spectrometer measurements
and the resulting emissivity are subject to a similar uncertainty estimation procedure as described
above for the pyrometer. A more detailed description of the uncertainty estimates for the in situ
measurements are provided in the Appendix of Ref. [143]. The emissivity values calculated from
the spectrometer are considered to be a more accurate representation of the spectral emissivity

since they are obtained with a thermocouple reading and a perfect emitter (ex for the blackbody
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source is greater than 0.99), as opposed to being inferred simultaneously with the temperature in

the case of a pyrometrically-inferred emissivity.

6
7 X 10 _ _ _ ] .900 1 = ‘ 900
(a) observed 2.1um (b)  observed Temperature
6 oxidation ~\£_~_N 0.9 oxidation
800 800
= | T t 08
g, emperature {700 _ 700 _
3 2 07 2
=3 600 600
v 0.6
2 ¢
1| 500 0.5 500
2.4um _7' |
0 : 400 0.4 : : - - - 400
30 40 50 60 70 80 90 30 40 50 60 70 80 90

t [s] t[s]

Figure 6.4. In situ measurements with the associated thermocouple reading. (a) Pyrometer count
measurement for the three detection wavelengths, and (b) /n situ spectral emissivities obtained
using the NIR spectrometer.

Figure 6.4 (b) shows that the spectral emissivity decreases with increasing wavelength.
This is expected for metals over the infrared spectrum. As discussed in Chapter 5, the higher
emissivity values recorded between 400°C and 600°C is attributed to the visible oxide layer on the
steel surface, as shown in Figure 5.3. The changes in oxide species and surface topography caused
by the evolving oxide layer produce wavelength-dependent variation in the spectral emissivity.
The shorter wavelengths (< 2pum) are more impacted by the presence of an oxide layer compared
to the longer wavelengths, due to constructive and destructive interferences of thermal radiation
between the oxide film and the metal substrate [100]. Once the surface oxide dissolves, the spectral
emissivity remains stable as the steel reaches 800°C, and the values of € at the beginning and end

of the soak period are indistinguishable.
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6.4. Quantifying uncertainty in pyrometrically-inferred parameters

The main objective of this chapter is to recover the steady-state hold temperature at approximately
800°C, at which point the oxide layer that formed during the heat-up phase has been reduced
entirely. The pyrometer count recorded at each time step, shown in Figure 6.4, is assumed to be
the average signal, and the corresponding variance is estimated using the approximate noise model
in Eq. (6.7) and the coefficients in Table 6.1.

The maximum a posteriori estimate, (7, @)vap, and covariance matrix, ['post, are
determined from Eqgs. (6.16) and (6.17), respectively. The marginalized posterior distribution for
the temperature and spectral emissivities at 800°C during the hold period are shown in Figure 6.5
and Table 6.3. Marginalized posterior densities are also summarized by 95% credibility intervals
as shown in Figure 6.5. The 95% credibility interval can be interpreted as the range of values
containing the “correct” answer with 95% probability. Also shown is the temperature measured by
the thermocouple and the spectral emissivities inferred from the NIR spectrometer measurement,
with their corresponding 95% credibility interval (two standard deviations of the mean).

The MAP estimate and the associated credibility interval highlights the advantage of the
Bayesian framework: the ability to provide a measure of the expected error in the pyrometrically-
derived temperature based on the uncertainties introduced by the imperfectly known spectral

emissivity, measurement noise, and other nuisance parameters.

Table 6.3. MAP estimate, in situ estimate and their 95% credibility intervals for the temperature
and spectral emissivities at 800°C (specifically the results corresponding to the measurements at
the 90s).

In situ estimate + 26 MAP estimate  Uncertainty (26)  Credibility interval
T [°C] 799.6 + 11.99 820.8 27.9 (792.9, 848.7)
endi (1.6 pm) 0.59 +£0.062 0.52 0.109 (0.409, 0.626)
end2 (2.1 pm) 0.49 +0.041 0.44 0.070 (0.368, 0.508)
end3 (2.4 pm) 0.45 +£0.035 0.41 0.058 (0.356,0.471)
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Figure 6.5. Marginalized posterior probability distributions for the hold period (800°C): (a)
temperature; (b) €xd1 at 1.6 um; (c) exd2 at 2.1 um; and (d) exd3 at 2.4 um. The blue curves are the
maximum a posteriori (MAP) distributions. The black curves indicate the in situ thermocouple
(temperature) and NIR spectrometer (emissivity) measurement distributions. The solid lines are
the mean values, and the shaded regions are 95% credibility intervals corresponding to two
standard deviations of the mean.

While the posterior distribution for the pyrometrically-inferred temperature in Figure 6.5
(a) contains a significant amount of in situ thermocouple estimate distribution, the MAP estimate
lies at the tail end of the in sifu distribution and is not within the 95% credibility interval. Similarly,
Figure 6.5 (b) — (d) shows that the in sifu spectrometer measurements are also found towards the
edge of the in situ spectral emissivity distributions at the three detection wavelengths. Except for
the emissivity predictions at 2.4 um, none of the nominal MAP estimates are within the 95%
credibility bounds of the in sifu measurements. This overall trend of MAP estimates being far from

the in situ mean values is most likely due to the imperfect information content of the emissivity
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prior distributions, and the limited relevance of these room-temperature measurements to the
spectral emissivity of the steel at high temperature.

Further insights are found by comparing the in situ spectrometer measurements with the
spectral emissivity priors derived from ex situ measurements. Figure 6.6 shows that the in situ
spectral emissivity measurement lies at the tail of the prior distribution, outside the credibility
bounds for all three detection wavelengths; consequently, the resulting posterior densities
underestimates the uncertainty in the recovered parameters. The discrepancy between the prior
derived from ex sifu emissivity measurements and the in situ measurement could be due to a
number of factors. First, the sample size used to construct the prior pdf was small (27 samples)
and may not be sufficient to represent the true population. Second, ex sifu measurements are taken
at room temperature, which do not capture temperature-dependent variations in the spectral

emissivity [99, 116].
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Figure 6.6. Plot of the prior and in situ densities for the spectral emissivities at the detection
wavelengths (a) exda1 at 1.6 um; (b) exa2 at 2.1 um; and (c) €xd3 at 2.4 um. The red curves are the
maximum a posteriori (MAP) distributions. The black curves represent the NIR spectrometer
(emissivity) measurement distributions. The solid lines indicate the distribution mean and the 95%
credibility intervals (shaded area) are equivalent to two standard deviations of the mean.

6.5. Comparing the Bayesian approach with a multi-wavelength model

As introduced in Sections 2.2.1.3, the typical emissivity models used for multi-wavelength (MW)
pyrometry predictions are mathematical functions derived by empirical or theoretical analysis to
model how the spectral emissivity varies with one or more underlying parameters (e.g.,
wavelength, temperature, surface roughness) [10, 144]. To evaluate the efficacy of the Bayesian
approach, this section compares the predictions from a typical emissivity model against the

estimated posterior distribution.
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The MW emissivity model used for this comparison is a multivariate bilinear function
derived from ex sifu emissivity measurements on annealed DP980 alloys using the factorial design-
of-experiments as detailed in Chapter 3, i.e.,

g, =P, +B,4+B,B+P,C+P,D+P,,4B+p,;,AC+p,,AD
+B,,BC+B,,BD+p,,CD+p,,,ABC+P,,,ABD (6.19)
+B,3,ACD +P,,,BCD +B,,,,ABCD

The measurements used to derive this empirical model are included in the dataset used to
calculate the Gaussian prior probabilities, Eq. (6.11). The empirical MW model in Eq. (6.19)
expresses the spectral emissivity as a parametric function of four variables: dew point (A), Si/Mn
ratio (B), pre-annealed surface RMS roughness (C), and wavelength (D). The model coefficients,
Bo, Pi, Bij, and Pijk, are provided in Table 3.8. This MW model is designed to predict the spectral
emissivity of DP980 alloys for dew points between —30°C and 10°C, Si/Mn ratios between 0.04
and 0.23, surface roughness, Rq between 0.15 pm and 0.65 pm, and wavelengths between 1.6 um
and 2.4 pm. The detailed description of this multivariate linear model is provided in Chapter 3.
The material properties and annealing process parameters for the experimental setup described in
Section 4 meet the MW model requirements with exception of the inlet dew point. Therefore, for
this analysis, the dew point factor, 4, is set to —30°C, to accommodate the model requirements
while accounting for the effect of oxygen infiltration on the final annealing atmosphere conditions
within the chamber.

Figure 6.7 illustrates how the pyrometrically-inferred temperature and spectral emissivities
vary with respect to annealing time for both the Bayesian approach and the MW emissivity model.
The 95% credibility intervals corresponding to two standard deviations for both the MAP estimate
and in situ estimates are shown on each plot. Both the MAP estimate and the MW model over-
predict the steel temperature in Figure 6.7 (a), as a result of the under-predicted spectral emissivity
shown in Figure 6.7 (b) — (d). However, the MAP estimates are slightly closer to the nominal in
situ thermocouple and spectrometer measurements, especially for the soak period where the steel
surface is free of the visible oxide layer. It is important to also note that the MW estimate is not
contained within the credibility bounds of the in situ thermocouple estimate. This comparison
shows that given a set of ex sifu measurements from which an empirical emissivity model is

desired, describing the emissivity stochastically using a prior pdf, instead of a deterministic
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function, can improve the quality of the pyrometry estimates. Overall, the superiority of the
Bayesian approach lies in the ability to simultaneously estimate the expected uncertainty alongside
the Qol at each time step.

In Figure 6.7 (a), during the first 60 seconds when the surface oxide evolves as the sample
is being heated, the width of the credibility interval on the inferred-temperature increases with
annealing time, even though the surface properties become more stable as the oxide layer
dissolves. Although this trend might be seemingly categorized as temperature-dependent since the
intensity measured by the pyrometer increases with temperature, this effect could also be a result
of the amplification of statistical uncertainties and model errors involved with any mathematical
model where the true underlying physics is unknown.

Additionally, the temporal response of the spectral emissivity posterior estimates in Figure
6.7 (b)-(d) shows that the density estimates for the spectral emissivity at 1.6 um has the greatest
uncertainty in terms of the wider credibility interval. This is most likely because the prior
distribution for 1.6 um is wider than the other wavelengths (Figure 6.2 and Figure 6.6), which
means that the information contained in the 1.6 um prior has the least influence on the posterior
densities. A wider prior distribution indicates that there is less information available about that
parameter, which increases the width of the posterior pdf and the associated uncertainty in
quantities-of-interest.

Figure 6.7 also shows that the credibility interval on the pyrometrically-inferred
temperature and spectral emissivities do not capture the nominal in situ thermocouple and
spectrometer measurements for the heating ramp period (first 60 seconds), indicating that the
specified prior distribution does not contain sufficient information about the expected emissivity
variation in the presence of the oxide layer induced by oxygen infiltration in the annealing
simulator. This is because none of the measurements that make up the prior distribution were
collected under similar processing conditions. This emphasizes the importance of developing a
statistically robust and relevant spectral emissivity prior that includes measurements made on the
similar samples as the intended application, which in this case would be to include measurements

on oxidized steel samples.
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Figure 6.7. MW estimates (solid red lines), MAP estimates (solid blue lines), in sifu estimates
(dashed lines) and 95% credibility intervals for the parameters: (a) 7, (b) €1 at 1.6 pm, (c) exd2 at
2.1 pm, and (d) a3 at 2.4 um. The shaded areas represent 95% credibility bounds corresponding
to two standard deviations of the mean or nominal values.

Chapter 6 90 Suleiman, 2025



6.6. Conclusions

This chapter presents a Bayesian framework for quantifying the uncertainties associated with the
pyrometrically-inferred temperature estimates made using a three-channel pyrometer. The analysis
accounts for measurement noise, uncertainties introduced by the calibration process, as well as
uncertain spectral emissivity, which varies with alloy content and processing conditions in an
uncertain way. A sample-based spectral emissivity prior was constructed using ex situ emissivity
measurements from as-received and annealed DP980 coupons processed under a range of
conditions. The prior distribution for the calibration constant described the uncertainty associated
with the measurement noise present during the calibration process. The uncertainty introduced by
the calibration constant prior was small, especially compared with the uncertainty in the spectral
emissivity prior.

The Bayesian methodology was then applied to pyrometry signals obtained from heating
DP980 coupons in an annealing simulator with a reducing atmosphere. The maximum a posteriori
(MAP) estimate and the 95% credibility intervals are obtained for the temperature and spectral
emissivities. The width of the credibility bounds on the temperature estimate increases with
increasing signal intensities possibly due to the amplification of statistical uncertainties.

Finally, the Bayesian posterior pdfs for temperature are compared against point estimates
obtained using a multi-wavelength emissivity function created from the same dataset as the
Gaussian emissivity prior. The results clearly highlight the benefits of estimating a posterior
distribution instead of a point estimate, since the former provides a measure of uncertainty that can
be compared directly with predefined temperature tolerances for the mechanical properties of

AHSS during intercritical annealing.
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Chapter 7
Effect of dew point on the evolving radiative
properties>

Compared to other non-ferrous metals and alloys, little is known about the in situ radiative
properties of AHSS and how it changes with temperature and other process parameters, such as
dew point and annealing schedule, especially over the near-infrared wavelengths used for
pyrometry. This is especially important because AHSS include less noble alloying elements (e.g.,
Mn, Si, Cr, and Al) that form stable oxides on the steel surface depending on the atmospheric dew
point (DP) [78], which also influence emissivity in a wavelength-dependent manner. The
interdependent effect of these factors combined with non-uniform radiative properties across the
length and width of the incoming pre-annealed cold-rolled coil [4, 5] limit the accuracy of
pyrometric temperature estimates.

Recent experimental and theoretical studies on dual-phase DP780 and DP980 alloys [74,
75,79, 89], including Chapter 3 of this thesis, have established that the spectral emissivity of these
alloys varies with the combined effects of wavelength, dew point, alloy-composition (especially
the silicon-to-manganese ratio), and surface roughness. The spectral emissivity at the shorter
pyrometry wavelengths (< 2.5 um) is influenced strongly by an oxide layer on the surface, which
in turn depends on how the alloying elements interact with the annealing atmosphere. Most of
these comparative studies focused on ex sifu characterization rather than in sifu time-resolved
measurements, which does not fully explain how the radiative properties evolve with temperature

during intercritical annealing.

> The content of this chapter has been published as:

F.K. Suleiman, N.S. Narayanan, and K. J. Daun, 2024, “Effect of dewpoint on the evolving
radiative properties of advanced high-strength steel during intercritical annealing,” AIST
Transactions, Iron & Steel Technology, 21 (10) pp. 218-229. doi:10.33313/TR/0924.
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In response to this knowledge gap, this chapter investigates in situ spectral emissivity
measurements of cold-rolled dual-phase (DP980) AHSS alloy over near-infrared pyrometry
wavelengths (1.2 pm — 2.5 um) as it is processed in a 95%/5% vol. No/Hz atmosphere with dew
points (DPs) of =30°C, —10°C, and +10°C. Crucially, this chapter examines how the variation in
spectral emissivity impacts the pyrometrically-inferred temperature and how a stochastic
emissivity prior constructed from ex sifu temperature-dependent spectral emissivity measurements

can be used to provide robust pyrometry estimates on AHSS.

7.1. Experimental and measurement procedure
In this chapter, the 152.4 mm x 25.4 mm x1.5 mm cold-rolled DP980 alloy (Si/Mn = 0.04) samples
were annealed in a vacuum-grade thermal processing chamber described in Section 4.3 and shown
in Figure 4.7. The sample preparation process and the heating schedule described in Chapter 5 and
Chapter 6 were maintained for this analysis. However, due to the vacuum-based nature of this
apparatus, the chamber is first pumped down and back-filled with nitrogen (< 5 ppm O2) followed
by a continuous purge with 95% N2-5% H2 (<2 ppm Oz, certified ultra-high purity) at the desired
dew point for at least 20 minutes before heating begins.

While the radiation emitted from the heated sample can be measured simultaneously with
a Williamson multi-wavelength pyrometer and an OceanOptics NIRQuest512 spectrometer, this
chapter uses data solely from the spectrometer, and the pyrometrically-inferred temperature will

be derived from the spectrometer irradiance measurements.

7.2. Results and discussion
Three samples were annealed at the following target dew points: —30°C (243 K), —10°C (263 K),
and +10°C (283 K). Comparing the spectroscopic measurements from these samples elucidates
how atmospheric moisture content/oxidizing potential impacts spectral emissivity. Table 7.1 lists
the actual DP and Oz concentration values measured at the start of the experiment. The annealing
atmosphere contained less than 1072° ppm O: for all experiments, which indicates the absence of
oxygen infiltration or leaks. Therefore, the overall oxidation potential of the annealing atmosphere
is defined by the measured dew point of the 95%N2-5%H2 gas in the chamber.

Prior to annealing in the simulator, the as-received spectral emissivity of each coupon was
characterized at room temperature with a Bruker Invenio X FTIR spectrometer and a 562-G

integrating sphere attachment. The nearly identical emittance spectra of the as-received steel in
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Figure 7.1(a) indicates that the coupons all share a similar pre-annealed surface state. Figure 7.1(b)

shows the thermocouple measurements for the samples confirming that all samples were annealed

with the same heating schedule. Due to the sample length (152.4 mm) and the size restriction of

the FTIR sample compartment, the pre-annealed radiative properties were characterized with the

rolling direction perpendicular to the incoming light within the integrating sphere. Having the

rolling direction perpendicular to the incident radiation increases the measurement uncertainty due

to port losses [145]. For this DP980 AHSS steel, the perpendicular orientation was found to

overestimate the emissivity of the steel by 5%. However, since the measurement orientation is

consistent across all the samples and the pre-annealed values are only used for comparative

analysis, this additional uncertainty does not influence the results and discussion in this thesis.

Table 7.1. Dew point (DP) and oxygen concentration (Oz) of the annealing atmospheres.

Target DP (°C) Actual DP (°C) O Concentration (ppm)
—-30 —30.68 <5x1072!
—-10 -9.59 <5x1072!
+10 +10.16 3.17 x 10720
0.5 ‘ 900 . ;
@ s00. ©
045 | — -30°C 700 |
| o
i‘“ | -loc 600 |
04+ mllﬂuh +10°C 500" heating rate 4
< L O ~13.33°C/s & R
“ 035 WQ — 400 | - 30¢
' L 300 ¢ — -1o°¢C
03! 2001 4 +10°C
100+
0.25 0

12 14 16 18 2 22 24
A [pm]

0

10 20 30 40 50 60 70 80 90
t[s]

Figure 7.1. (a) Pre-annealed spectral emissivity, €., for the DP980 coupons. (b) Temperature
measurements from the thermocouple attached to the samples during annealing.
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7.2.1. In situ time-resolved spectral emissivity measurement

The in situ normal spectral emissivity, €, is inferred from the NIR spectrometer measurements
such that, ex (A, T) = In (A, T)/ hw (A, T), where A is the measurement wavelength; 7 is the sample
temperature given by the thermocouple; /1 is the spectral intensity recorded with the spectrometer;
and v is the blackbody spectral intensity at the sample temperature. Figure 7.2 and Figure 7.3
show the spectral emissivity of the DP980 coupons for wavelengths between 1.2 pm — 2.5 um and
temperatures ranging from 400°C — 800°C. The contour plots in Figure 7.2 provide an overview
of the relationships between emissivity, dew point, wavelength, temperature, and heating time. As
expected for metallic surfaces in the infrared region, emissivity decreases monotonically with
increasing wavelength [54], irrespective of the annealing dew point or temperature. This trend is
expected based on the electromagnetic theory of bulk metals. Also, as the wavelength increases,
the surface becomes optically smoother based on the ratio of surface RMS roughness to
wavelength (6/A <<1) and thus the surface topographical effects on the spectral emissivity decrease
with increasing wavelength.

Generally, the spectral emissivity increases with increasing dew point, especially at
wavelengths below 2 pum. Figure 7.2 (d) — (f) show that the emissivity at the longest pyrometer
wavelength (2.4 um) varied the least despite the 40°C increase in dew point between —30°C and
+10°C. Comparatively, the emissivity at the shorter wavelengths (< 2 pm) is more sensitive to the
varying DP, with the most pronounced increase observed at 1.2 um. This variation is a
consequence of the dielectric properties of the oxide layer that forms on the surface of the steel
due to the increased oxidizing potential of the process atmosphere. The presence of a metallic
oxide, be it as a continuous film or as nodules, modifies the surface state in a way that impacts the
spectral emissivity [72, 74, 75]. At shorter wavelengths, the oxide layer thickness is comparable
to the detection wavelength, leading to thin-film interference effects. However, as the wavelength
increases, the emissivity is more influenced by the overall surface roughness, which does not

change significantly with the change in dew point [74, 75].
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Figure 7.2. Measured time-resolved spectral emissivity, €, for the target DPs: —30°C (a, d),
—10°C (b, e), and +10°C (c, f). The white horizontal lines shown in (a) — (c) correspond to the
wavelengths (1.2 ym, 1.6 um, 2.1 um, and 2.4 pm) plotted in (d) — (f).

Figure 7.3 shows how the time-resolved spectral emissivity evolves with annealing
temperature and time compared to the pre-annealed surface state. The pre-annealed spectral
emissivity in Figure 7.3 (a) — (f) represents the average of the three spectra shown in Figure 7.1
(a). Changes in spectral emissivity are linked to the interdependent effects of dew point and
temperature on metal oxidation. Figure 7.3 (a) shows that the resulting oxide topography,
irrespective of DP, influences the rate at which the spectral emissivity changes with wavelength,
as evident from the drastic change in the slope compared to the pre-annealed state.

Based on the oxygen potential diagram in Figure 2.6 and Ref. [74], all three dew points
(—30°C, —10°C and +10°C) favor the segregation and selective oxidation of Si, Mn, and Cr from
the bulk metal. However, the degree of internal/external selective oxidation as well as the
properties of the resulting oxide layer depend on the thermodynamics and kinetics of the oxidation
reaction [78, 146]. Therefore, as the samples heat up from their pre-annealed state to 400°C, the

sample processed at higher oxygen partial pressure (i.e., +10°C dew point) undergo significant
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internal and external oxidation, which would increase the spectral emissivity. Consequently, the
change in emissivity is reduced with the reducing oxygen partial pressure at the lower dew points
(—10°C and —30°C) due to the formation of a thinner external oxide film.

Figure 7.3 (b) — (g) show that, beyond 400°C, spectral emissivity decreases with increasing
temperature at all three dew points. As discussed in previous chapter, one reason for the inverse
relationship between emissivity and temperature is the “crossover wavelength” or “X-point”
phenomenon exhibited by metals at shorter wavelengths [54, 71]. In addition, the spectral
emissivity of some metallic oxides and dielectric materials has been shown to decrease with
increasing temperature [101, 112, 147]. Given that spectral emissivity is a surface property, the
properties of the selective oxides forming on the steel surface during annealing will influence the
spectral emissivity of these DP980 coupons.

The sample annealed at the lowest DP (=30°C) undergoes the largest drop in spectral
emissivity with increasing temperature. At the 800°C peak annealing temperature (PAT) shown in
Figure 7.3 (e) — (g), the spectral emissivity of the —30°C sample approaches its pre-annealed values
for wavelengths longer than 2 um. This suggests that the external oxide layer may undergo

reduction at these higher surface temperatures.
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Figure 7.3. Measured spectral emissivity for the three dew points as a function of the annealing
temperature and time. (a) 400°C - 29.25 s, (b) 500°C - 37 s, (e) 600°C - 44.75 s, (d) 700°C — 52.5
s, (€) 800°C - 60 s (soak starts), (f) 800°C - 75 s (mid soak), and (g) 800°C - 90 s (soak ends)
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7.2.2. Multi-wavelength pyrometry estimates

When using multi-wavelength (MW) pyrometry to estimate AHSS temperature during intercritical
annealing, the spectral emissivity is typically modelled in terms of underlying explanatory
variables (temperature, wavelength, DP, roughness, etc.). Deterministic MW compensation
algorithms predict a single value for emissivity and consequently generate a single pyrometrically-
inferred temperature. A drawback of deterministic models is that the point temperature estimate
does not convey the inherent uncertainty associated with the imperfectly known spectral
emissivity. In contrast, the temperature posterior obtained with the Bayesian pyrometry model
discussed in Chapter 6 provides a credibility interval that indicates the level of uncertainty
introduced by the imperfectly known emissivity.

Table 7.2 summarizes the emissivity models selected to compare the accuracy of these
approaches. Although Models #1, #2 and #3 have been previously introduced in Chapter 5, several
multi-wavelength emissivity compensation algorithms from literature were first evaluated for this
specific study, and only the best algorithms (Models #1 — #4) are included in Table 7.2. Typically,
most pyrometry studies perform a “search” to identify a suitable emissivity compensation model
because the performance of these algorithms varies significantly with material and process
parameters [9, 95, 148]. This specificity seems to apply to AHSS as a similar search was conducted
to identify the best performing deterministic models listed in Table 7.2. More importantly, the
relative performance of the compensation algorithms varied with the annealing dew point,
highlighting a major drawback of the deterministic approach.

Model #5 is the ex situ-based Gaussian emissivity prior from Chapter 6, which was
constructed from 27 ex situ spectrometer measurements carried out on cold-rolled DP980 coupons.
A few of the samples were left in their as-received state while the remainder were annealed within
a 95%N2-5%H> atmosphere at two dew points, —30°C and 10°C, and then quenched at intercritical

annealing temperatures ranging from 463-802°C in a galvanizing simulator [143].
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Table 7.2. Summary of deterministic emissivity compensation algorithms (Models #1 — #4) and
stochastic prior (Model #5).

Model No. Expression Reference
}\‘d
#1 €4 = CXp| 4y —— [149]
T}»d
#2 &, =exp(a,)y) [149]
Jh
#3 €,4 = Xp| 4, [148, 149]
ad
#4 &4 =exp( /2, ) [148, 149]
#5 P (£20) ~ N (1,.T,) [143]

Aa 1s the pyrometer detection wavelength; 7 is the inferred temperature; ao is the algorithm
constant; 774 is the equivalent blackbody temperature for the measured spectral irradiance;

e and Te is the mean and covariance of the spectral emissivity distribution, respectively.

Figure 7.4 and Figure 7.5 show the pyrometrically-inferred temperature with respect to DP,
temperature, and annealing time. Using the spectrometer intensities recorded at the three detection
wavelengths of the industrial pyrometer (1.6 pm, 2.1 um and 2.4 um), the temperature estimates
for the deterministic and stochastic models were obtained according to the procedures outlined in
Chapter 5 and Chapter 6, respectively. In addition to the nominal temperature predictions, i.e., the
maximum a posteriori (MAP) estimates, the Bayesian estimate for Model #5 provides a credibility
interval, specifying a range of values expected to contain the “correct” temperature of the steel
with a certain probability. The 95% credibility interval corresponding to two standard deviations
of the nominal (MAP) values is included in Figure 7.5. Although there are uncertainties associated
with the thermocouple measurements as discussed in Chapter 6, for the sake of clarity of the plots

and ease of comparison, this uncertainty is omitted from the analysis in this section.
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Figure 7.4. Pyrometry temperature predictions for Model #1 (red lines), Model #2 (blue lines),
Model #3 (purple lines) and Model #4 (green lines) at the following target DPs: (a) —30°C, (b)
—10°C and (¢) +10°C. The dashed lines represent the thermocouple temperature measurements.

800 T

0- . .
(a) -30°C

i 900
thermocouple
Model #5 oo T 800!

g?OO

(b) -10°C

900 r
800

oUF'(JO

(© +10°C
Model #5

—MAP

F 600+ 600 -

500 jj¢*

2 500 @,
", *~—thermocouple ", %~—thermocouple
400 ¢ 400 °
30 40 50 60 70 80 90 30 40 50 60 70 80 90 30 40 50 60 70 80 90

t [s] t[s] t [s]

Figure 7.5. Pyrometry temperature predictions for the ex situ Gaussian prior (Model #5)
showing the MAP estimates (solid blue lines), thermocouple temperature measurements (dashed
lines) and 95% credibility intervals (shaded region) for the following target DPs: (a) —30°C, (b)
—10°C, and (c) +10°C.

Generally, the pyrometrically inferred temperatures increase with increasing dew point
across all the models because the enhanced emissivity caused by changes in the oxide layer with
increasing DP is incorrectly interpreted as an increase in sample temperature. All models generally
over-predict the temperature as the sample heats over the ramp period. This is because the models
do not capture the actual inverse relationship between emissivity and temperature shown in Figure
7.3. The highest spectral emissivity for the three dew points was observed at the lowest
temperatures, but the pyrometry inferences process typically attributes high emissivity values to
high temperatures, which results in temperature over-prediction, especially at 400°C.

Figure 7.6 summarizes the measurement error for all five models, alongside the
temperature uncertainty (credibility interval) provided by Model #5. Although the accuracy of each

model varies with temperature and dew point, the temperature uncertainty provided by Model #5
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is comparable to the error of its MAP estimate for most temperatures. While the thermocouple
temperature of the steel is nearly constant at 60 s, 75 s, and 90 s, slight variations in the evolving
spectral emissivity (Figure 7.2) cause variations in the predicted temperature as observed in the
resulting error and uncertainty values.

Although both Models #2 and #4 exclude the blackbody temperature as an explanatory
variable, Model #4 severely overestimates the temperature, especially at —10°C and +10°C dew
points. This poor performance of Model #4 can be traced to the design criteria surrounding its
original application. Modelling the spectral emissivity as a linear function of A!"? gave an effective
temperature estimate for aluminium alloys that exhibit a similar negative correlation between
emissivity and temperature [148, 149]. However, the observed variations in emissivity for the
aluminium alloys occur over a much smaller range compared to the variations induced by the
interdependent effect of DP and temperature for the DP980 alloy in this study. Additionally, Model
#4 was originally applied for A > 2 pm, and therefore may not be suitable for the 1.6 um detection

wavelength.
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Figure 7.6. The measurement error for the emissivity models (Model #1 — #5) compared against
the uncertainty (£2c) obtained for stochastic emissivity prior (Model #5) at key temperatures
for the following target DPs: (a) —30°C, (b) —10°C, and (c) +10°C.
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For Model #5, the information content of a Gaussian (normal) distribution illustrated in
Figure 7.7 explains why the MAP estimate either over-predicts or under-predicts the thermocouple
temperature and why the 95% credibility intervals do not encompass the thermocouple estimates
at some temperatures. The ex situ-based prior models the spectral emissivity as a normal
distribution with a point estimate (mean, L) and a measure of spread (standard deviation, cc). For
normal distributions, 99.7% of the observation lies within three standard deviations of the mean
(i.e., pe £ 30:), with the observations becoming less probable (i.e., having lower probability
density) as we move away from the mean on both sides. Therefore, when the evolving spectral
emissivity of the steel lies in areas of low probability density, the temperature estimates will be
inaccurate because the Bayesian framework will assign a very low probability to those emissivity
values.

Figure 7.7 (a) shows that the ex situ probability density for the spectral emissivity at 400°C
for the —10°C and +10°C DPs have near zero density, meaning that the model will assign these
values to have an extremely small probability. Given that the mean value of the distribution is less
than the actual spectral emissivity of the steel at these DPs, the estimated temperature overpredicts
the true temperature. Similarly, comparing the ex situ-based prior against the emissivity at 800°C,
Figure 7.7 (b) shows that the spectral emissivity of the steel at the —30°C DP has a much lower
density compared to the other dew points, which affects the accuracy of the estimated temperature
because the model will consider this value to be less probable. In this case, the mean of the ex situ-
based prior model is greater than the actual emissivity of the coupon at —30°C and 800°C;
therefore, the estimated pyrometric temperature will under-predict the thermocouple temperature.
The plots in Figure 7.7 for the 2.1 pm detection wavelength are representative of all detection
wavelengths.

The fact that the width of ex situ-based prior (Model #5) underestimates the variance in the
spectral emissivity at lower temperatures (especially for the higher dew points) suggests that the
sample size (27 samples) might be too small for this range of temperatures or that samples
characterized ex sifu do not fully capture the emissivity variations observed in sifu. This
emphasizes the importance of designing relevant and statistically robust priors that fully represent

the expected variation in spectral emissivity.

Chapter 7 104 Suleiman, 2025



&, (A= 2.1 pm, T= 400°C) £ (A= 2.1 um, T= 800°C)

107 : 107 ' 7
(a) 400°C ,\ (b) 800°C
8 -30°C 8 +10°C
-10°C
—= 6 —~ 6
£ wm AN &
Q?- 4t ex situ +10°C - Q?- 4 /’ #5
2.1 um _30°C ex situ
2.1 pm
| -/
0 0
0.2 0.3 0.4 c 0.5 0.6 0.7 0.2 0.3 0.4 . 0.5 0.6 0.7
A A

Figure 7.7. Stochastic prior distributions at 2.1 pm with vertical lines representing the
spectrometer emissivity measurements at the three dew points (—30°C, —10°C and +10°C). (a)
Model #5 (ex situ-based prior) overlapped with spectral emissivity measurements at 400°C and
(b) Model #5 (ex situ-based prior) overlapped with spectral emissivity measurements at 800°C.
The shaded region represents 99.7% of the observations, which falls within 3 standard deviations
of the mean (i.e., pe+ 30¢).

In summary, while the deterministic models provide the most accurate nominal estimate of
the peak annealing temperature (PAT) at 800°C (Model #3 for —30°C, Model #2 for —10°C and
Model #1 for +10°C), the fact that the accuracy of these deterministic models is not consistent
across the temperatures and dew points of interest is a significant challenge. On the other hand,
the ex situ-based prior (Model #5) gives a more reliable and robust estimate across all the dew
points. The credibility interval (ranging from +15°C to +31°C) obtained with the ex sifu-based
prior is advantageous as it compensates for the variations in emissivity induced by the changing
dew point and temperature. Additionally, despite under-predicting the soak temperature estimate
for the —30°C dew point, the ex situ prior (Model #5) gives the best estimate for both the ramp and
soak period at all three dew points. Overall, the Bayesian approach provides an understanding of

how reliable the temperature estimate is, which is not possible from the deterministic algorithms.
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7.3. Conclusions

This chapter explores the effect of dew point, temperature, and time on the spectral emissivity of
a DP980 AHSS alloy following a simple annealing schedule with a peak annealing temperature of
800°C. The spectral emissivity increases with dew point, especially at wavelengths below 2 pum.
The spectral emissivity of the steel decreases with increasing temperature beyond 400°C. This is
most likely due to the crossover phenomenon observed for metals at shorter wavelengths.
Moreover, this inverse relationship between emissivity and temperature is more pronounced at the
—30°C dew point, suggesting that the selective oxidation of the alloying elements and subsequent
reduction of the oxide layer contribute to the observed changes in emissivity.

The impact of the evolving spectral emissivity on the pyrometrically-inferred temperature
is also examined. Most models underpredict the soak temperature at a DP of —30°C but overpredict
the soak temperature at the other dew points. Several deterministic models were identified to give
reasonable temperature estimates; however, their accuracy is inconsistent across the annealing
temperatures and dew points, which impairs their reliability. This chapter also examined a
stochastic emissivity model that provided robust estimates for the temperature irrespective of the
dew point. The results obtained with the stochastic approach highlight the benefit of estimating a
measure of uncertainty alongside the nominal temperature estimate. With knowledge of the
inherent uncertainty introduced by the imperfectly known emissivity, steelmakers can compare the
posterior estimates against predefined temperature tolerances for AHSS during intercritical

annealing.
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Chapter 8
In situ and ex situ investigation of the radiative
properties®

Most studies on the radiative properties of AHSS (including Chapter 3) are based on ex situ
measurements on samples processed within simulators that replicate conditions on industrial
CGLs, and then rapidly quenched. There are two key drawbacks to this approach, however: (1) it
does not capture the temperature dependence of the radiative properties, e.g., as one would expect
through Hagen-Rubens and Drude theories [54]; (2) the oxide state of the surface may be altered
by the quenching process, leading to further differences between in situ and ex situ radiative
properties. To address these deficiencies, Somveille et al. [3] attempted in situ spectral emissivity
measurements on dual-phase AHSS alloys processed within a Gleeble® 3500 simulator following
the procedure developed by Shi et al. [118] for Al-Si coated steels. Unfortunately, inadequate
atmospheric control resulted in significant oxidation of the samples. More recently, Ham et al. [77]
and Suleiman et al. [143, 150, 151] (i.e., Chapter 5, Chapter 6 and Chapter 7) reported in situ
spectral emissivity measurements on annealed TRIP and DP alloys, respectively, providing much
needed insight into the temporal effect of temperature on the radiative properties of AHSS.

A comparison of ex situ and in situ spectral emissivity measurements highlights the
importance of in sifu measurements. Somveille et al. [99] reported minimal variations of ex situ
emissivity measurements on DP980 samples processed at different temperatures within a

galvanizing simulator, while the in situ spectral emissivity measurements reported by Suleiman et

® The content of this chapter is an extended version of the following conference paper:

F.K. Suleiman, M. Kagaya, A. Hosseini, and K. J. Daun, 2024, “In situ and ex situ investigation of
the radiative properties of AHSS,” Proceedings of the 114th Galvanizers Association Meeting,
Covington, Kentucky, USA.
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al. [150, 151] showed significant variations in spectral emissivity with temperature. Moreover,
Suleiman et al. [143] demonstrated that ex situ-based spectral emissivity priors constructed from
samples quenched at various temperatures do not effectively compensate for in sifu variations in
emissivity experienced by the same alloy, thus impacting the accuracy of the pyrometry estimates.

To the best of the author’s knowledge, there is no definitive comparative study evaluating
the differences between in situ and ex situ temperature-dependent radiative properties of AHSS,
especially at the near-infrared wavelengths critical to pyrometry. Therefore, this chapter
characterizes and compares the in situ and ex situ radiative properties of a dual-phase AHSS alloy
(DP980) annealed using two lab-scale simulators with different heating systems: (1) resistive
heating with a DC power supply (Waterloo Annealing Simulator) and (2) radiative heating in a
quartz lamp infrared furnace (McMaster Galvanizing Simulator, Iwatani-Surtec). In both systems,
the steel is heated with the same thermal cycle in a reducing atmosphere consisting of 95%N2 - 5%
H> at a dew point of —30°C. The samples for ex situ characterization are quenched at intermitted
temperatures along the same annealing cycle: 200°C, 300°C, 400°C, 650°C, 750°C, and 800°C
(after 30 s soak). The ex situ radiative properties are analyzed with a Bruker Invenio X FTIR
spectrometer and then compared to the in sifu measurement at the same temperatures to understand
the effect of annealing temperature on the radiative properties, and how it differs across in situ and
ex situ measurement conditions. Crucially, comparing the ex situ radiative properties of the
samples annealed in the Waterloo simulator against samples annealed in the Iwatani-Surtec

galvanizing simulator serves as a validation step for the Waterloo simulator design.

8.1. Impact of low-temperature oxidation thermodynamics

Figure 8.1 shows the oxygen partial pressure as a function of process temperature for Cr, Fe, Mn,
and Si oxides and the —30°C dew point, 5% H2 atmosphere derived using the steps outlines in
Section 2.1.3. In this case, the activity of the alloying elements is evaluated based on their mole
fraction in the actual DP980 alloy analyzed in this thesis. Figure 8.1 shows that the selective oxides
(MnO, SiO2 and Cr203) are thermodynamically likely to form during annealing since their
equilibrium oxygen potential curves fall below the oxygen partial pressure curve for the annealing
atmosphere. The equilibrium oxygen potential curve for the iron oxides, i.e., FeO and the Fe3Oa4,

coincides with the oxygen partial pressure of the annealing atmosphere at temperatures below
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~400°C, so iron oxide formation is thermodynamically favorable under these conditions. This
means that metallic oxides influencing pyrometry estimates for these DP980 samples are not

limited to selective oxides, especially at lower temperatures.
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Figure 8.1. Logarithmic plot of the oxygen partial pressure (pO2) as a function of process
temperature. This shows the thermodynamic stability of the metallic oxides relative to oxygen
potential of the annealing atmosphere at —30°C dew point.

Most studies on the thermodynamic stability of AHSS oxides focus on high temperature
oxidation (400°C and above) due to its impact on reactive wetting and galvanizing. However,
Figure 8.1 shows that low temperature oxidation is also important in CGLs since any oxidation
that impacts the surface of the steel would also impact the pyrometrically-inferred temperature.
Low temperature oxidation is also important when considering the differences between simulators
and the industrial CGL. When predicting the thermodynamic stability of the oxides using curves
such as Figure 8.1, the process temperature at the steel-atmosphere interface is often assumed to
be equivalent to the steel strip temperature. This assumption may be reasonable in a CGL given
that the furnace atmosphere and the steel strip are in near thermal equilibrium. However, in most
simulators, the steel specimen is rapidly heated, typically by electrical resistance [77, 143] or
radiant lamps [152], with the surrounding atmosphere indirectly heated by the specimen. As a

result, the temperature of the atmosphere may thermally lag that of the rapidly heated steel surface,
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resulting in a potential thermal gradient between the steel sample and the atmosphere.
Consequently, if thermodynamic calculations are based solely on the steel surface temperature,
without accounting for any potential thermal temperature gradient, the stability of selective oxides

and native iron oxide formed during annealing may be overestimated.

8.2. Experimental procedure

Cold-rolled DP980 AHSS alloy with a silicon-to-manganese ratio of 0.04 were processed in the
vacuum-based Waterloo Annealing Simulator (WAS) (Section 4.3) and the McMaster Galvanizing
Simulator (MGS) [104, 152]. The 1.5 mm thick DP980 steel sheet was initially cut into the WAS
sample size of 152.4 mm X 25.4 mm, with the rolling direction parallel to the length of the samples.
Some of the WAS samples were cut in half (76.2 mm X 25.4 mm) for processing in the MGS.

In both simulators, samples were annealed according to the heating schedule in Figure 8.2
within a 95%/5% N2/H2 atmosphere at a dew point of —30°C. Similarly, both simulators control
the heating rate using input from a K-type thermocouple welded onto the sample. Unlike the MGS,
the WAS offers optical access to the specimens during heating, allowing for in situ spectral

irradiance measurements. More details on the MGS apparatus are provided in Ref. [104].

800°C, 30s soak
800+ > 200 800°C
600+
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— 400}
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Figure 8.2. Schematic of the annealing schedule showing the heating rate, peak annealing
temperature (PAT), and quench rate. This schedule was used in both simulators.

Specimens were cleaned with acetone and ethanol and the pre-annealed radiative properties

were then characterized and compared with a Bruker Invenio X FTIR spectrometer in the near-
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infrared (1.2 — 2.5 pum) prior to annealing. After annealing, specimens from both simulators were
individually sealed in zipper sample bags for transport to the FTIR spectrometer where they were
cleaned with ethanol before measuring the ex situ post-annealed radiative properties.

In addition to the fully annealed samples, (i.e., samples heated to 800°C with 30 s soak), five
other samples were obtained from each simulator by interrupting the heating schedule in Figure
8.2 at 200°C, 300°C, 400°C, 650°C, and 750°C. All samples were rapidly quenched (~15°C/s) to
freeze their surface state. The effect of annealing temperature on the spectral emissivity of the
samples due to the evolving surface oxidation was then studied ex situ by characterizing the

quenched samples with the FTIR spectrometer.

8.3. Effect of rolling direction on FTIR measurement
The near-normal directional-hemispherical spectral reflectance, p», of the pre-and post-annealed

samples, are measured using an A 562-G integrating sphere attachment with the Bruker Invenio X
FTIR spectrometer. The near-normal spectral emissivity, €, required for accurate pyrometry is

then obtained from p. via Kirchhoff’s law:

&, =1-p, (8.1)

The A 562-G is a near-spherical cavity that is coated with Infragold®, p» = 0.94. While the
integrating sphere is conceptualized as a perfectly spherical enclosure with perfectly reflecting
surfaces, the actual integrating sphere deviates from this idealization due to the presence of the
sample, i.e., single-beam substitution error [153], and the light and detection ports. These
measurement imperfections are corrected using the procedure outlined by Blake et al. [154].
Generally, the FTIR has a calibration uncertainty of +2% and a repeatability accuracy of less than
+1% for reflectance measurements over the entire spectrum.

A larger source of uncertainty comes from the interaction between the integrating sphere
geometry and the anisotropy of the specimen caused by rolling. In an ideal scenario, the sphere
provides the normal-hemispherical reflectance, which is independent of reflection direction, but in
reality, the measured spectral reflectance on anisotropic surfaces depends on sample orientation
relative to the entrance port [145, 155]. To determine the correct orientation for the FTIR
measurements on the cold-rolled AHSS in this thesis, orientation-dependent variations in the

reflectance were first investigated using several 25 mm x 25 mm as-received samples. Figure 8.3
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plots the average spectral reflectance of these samples against the sample orientation. Maximum
and minimum reflectance was obtained when the rolling direction was parallel (i.e., 0°, 180°) and
perpendicular (i.e., 90° and 270°) to the incident light, respectively. The reflectance values
measured with the diagonal orientation (i.e., #45° from the rolling direction) were very close to
the rolling direction values, which indicates that the baffles within the integrating sphere minimize
the screening error that occurs when the rolling direction is parallel to the incident light [145, 156].
Accordingly, orienting the sample with the rolling direction parallel or perpendicular to the
incident light introduces a measurement uncertainty of +5%, with the maximum uncertainty in the
perpendicular direction. The orientation test was also repeated with annealed samples and the trend
remained the same. Since the orientation-dependent features of the cold-rolled DP980 alloy align
with findings reported by Lindseth et al. [145] for aluminium, this thesis follows their suggestion

to discard measurements perpendicular to the rolling direction.
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Figure 8.3. Orientation-dependent variation in the near-normal directional-hemispherical
spectral reflectance (p1) of cold-rolled DP980 measured with the integrating sphere. Error bars
correspond to one standard deviation of the mean of the five samples.

Therefore, all the ex situ spectral emissivity values were obtained by applying Kirchoff’s
law to reflectance values measured with the incident light diagonal to the rolling direction (i.e.,
within £+ 45° of the rolling direction). However, the initial comparison of the pre-annealed radiative
properties was done with the rolling direction perpendicular to the incident light because the
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sample length (152.4 mm) was too long to be mounted in any other orientation within the FTIR
sample compartment. Considering that this comparison is to confirm that the samples going into
both simulators begin with similar surface features, using the perpendicular orientation does not

influence this comparison since the orientation is consistent for all pre-annealed measurements.

8.4. In situ spectral emissivity variation in the WAS simulator

The time- and temperature-dependent spectral emissivity for the sample heated to 800°C and
soaked for 30 s is shown in Figure 8.4 and Figure 8.5. At each time step, the in situ normal spectral
emissivity, ., is obtained using the spectral intensity, /n, recorded simultaneously by the
spectrometer and pyrometer, combined with the blackbody intensity, /i, at the thermocouple
temperature, 7r, such that ex = L(7Tr)/hw(TT). The spectrometer can only measure spectral
emissivity at temperatures above 400°C due to signal-to-noise constraints, while the pyrometer

measurements are viable from 250°C upwards.
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Figure 8.4. (a) Contour of the evolving spectral emissivity, highlighting the in situ spectral and
temporal variation of the DP980 alloy during annealing. (b) The spectral emissivity from (a)
plotted at key annealing temperatures: 400°C (29.25 s), 500°C (37 s), 650°C (48.5 s), 750°C (56
s), 800°C (60 s - soak starts) and 800°C (90 s - soak ends).

Figure 8.4 shows the in situ spectral emissivity as it evolves with wavelength, time, and
temperature. Figure 8.4 (a) shows a region of higher emissivity (ex>0.7) at the shorter wavelengths
(<2 um) during heating, which indicates the presence of an oxide layer on the steel surface. Figure
8.5 compares the spectral emissivities inferred with the spectrometer and the pyrometer as a

function of time (Figure 8.5 (a)) and temperature (Figure 8.5 (b)). The two instruments generally
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show good agreement, especially for the 2.1 pm detection wavelength. However, the spectrometer
measurement is slightly greater than the pyrometer values at 1.6 um but lower at 2.4 um. This
variation primarily results from differences between the defined nominal wavelength and the width

of the actual spectral band being measured by the detectors.
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Figure 8.5. Evolving spectral emissivity, €1, measured in sifu with the pyrometer and spectrometer
at the three-detection wavelength versus (a) annealing time, #; and (b) annealing temperature, 7.

Generally, the spectral emissivity of the DP980 AHSS alloy decreases with increasing
wavelength, which is expected for metals in the near-infrared region since the absorptive index of
metals decreases with increasing wavelength [54]. However, contrary to the theoretical expectation
for pure metals, the spectral emissivity was found to decrease with increasing temperature from
400°C upwards. A comparison with the pre-annealed emissivity in Figure 8.4 (b) implies that at
some temperature below 400°C, the spectral emissivity of the steel must have increased from its
pre-annealed value. Figure 8.5 identifies the specific temperature at which spectral emissivity
begins to decrease with increasing temperature, based on the spectral emissivity inferred from the
pyrometer. The in situ spectral emissivity at 1.6 pum peaked at 300°C while the spectral emissivity
at the longer wavelength appears to have peaked at 250°C or lower. After this point, the emissivity
decreases with increasing temperature and remains constant during the 30 s soak period where the

temperature of the steel is held constant at 800°C.

This observation is connected to the thermodynamic stability of iron oxides at lower

temperatures (Figure 8.1), in conjunction with selective oxidation of the alloying elements.
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Although selective oxides are expected to form and evolve during annealing, the observed effects
of surface oxidation in this experiment are more pronounced at lower temperatures. The 300°C to
400°C temperature range at which the oxide effect starts to diminish corresponds to the
temperature at which the annealing atmosphere is predicted to reduce the iron oxides. It is
important to note that there were no visible oxides on the surface of the steel during annealing
which is the exact opposite of the infiltration-induced oxidation reported in previous studies [143,
151], i.e., Chapter 5 and Chapter 6. However, this low-temperature oxidation effect might be more
pronounced in lab-scale simulators relative to a CGL, given that the reducing nitrogen-hydrogen

gas within the simulator is not heated.

8.5. Ex situ spectral emissivity of quenched WAS and MGS samples

To further investigate the temperature-dependent variation in emissivity observed in situ for
DP980 alloy processed in the WAS, several samples with similar pre-annealed radiative properties
were processed in the WAS and MGS simulators and quenched at intermittent annealing
temperatures. These samples are part of a larger study focused on understanding the radiative,
microstructural, and physiochemical properties of annealed AHSS surfaces that contribute to
uncertainties in the pyrometrically-inferred temperature. However, this thesis will focus solely on
analyzing the radiative properties.

Figure 8.6 compares the ex situ spectral emissivity at 200°C, 300°C, 400°C, 650°C,
750°C and 800°C (after soak) against the pre-annealed ex sifu spectral emissivity of the same
DP980 alloy. The pre-annealed emissivity is the average value from five as-received samples with
the measurement uncertainty omitted for clarity. Generally, the spectral emissivity of all the
annealed and quenched samples is comparable to the pre-annealed values for both simulators.
However, the WAS samples show more temperature-dependent variations compared to the
samples processed in the MGS. The most significant difference was observed for the WAS samples
quenched at 650°C and 750°C, in which the spectral emissivity was much lower with decreased
variability with wavelength (i.e., lower slope). The spectral emissivity for the MGS sample at
750°C was also lower than the other samples processed in the same simulator. Since the 650°C
and 750°C temperatures bound the spectral emissivity peak observed in situ at 700°C (Figure 8.5);

this variation in radiative properties could be a consequence of the evolving ternary oxides.
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Figure 8.6. Ex situ spectral emissivity at different annealing temperatures for samples processed
in (a) Waterloo Annealing Simulator (WAS) and (b) McMaster Galvanizing Simulator (MGS).
The pre-annealed emissivity represents the average of the 5 samples analyzed in Figure 8.3
(diagonal orientation only) with the measurement uncertainty excluded for clarity.

Figure 8.7 focuses on the temperature-dependent variations in the emissivity for the ex situ
samples at the three pyrometry detection wavelengths. Broadly speaking, the spectral emissivities
of the samples processed in both simulators were highest at the lower temperatures, before
decreasing with increasing temperature. The peak ex sifu emissivity for the WAS sample was
observed at 300°C which matched the in situ findings in Figure 8.5. However, the maximum ex
situ spectral emissivity for the MGS samples was observed later at 400°C. The difference in the
temperature at which the peak emissivity is observed for the WAS and MGS samples is probably
due to varying oxidation kinetics. Nevertheless, the similar emissivity trend for both simulators
indicates that the formation of an external oxide layer at lower temperatures is not merely an
artefact of the WAS apparatus.

In terms of the actual spectral emissivity values, the WAS and MGS samples show good
agreement at the higher temperatures (> 650°C). Figure 8.7 shows a dip in emissivity at 750°C for
both the WAS and MGS samples, potentially due to ternary oxides. This dip in emissivity at high
temperatures is consistent with the findings reported by Ham et al. [77] for TRIP steel due to the
transformation of Mn as it formed complex oxides with other alloying elements. At lower
temperatures, on the other hand, the spectral emissivity for the WAS samples was found to be

higher than the MGS samples, specifically at 200°C and 300°C. While replicates are required to

Chapter 8 116 Suleiman, 2025



statistically account for random errors introduced by the process in both simulators, it is currently
assumed that the increased emissivity for the WAS samples compared to the MGS samples at
lower temperatures is a consequence of variations in the kinetics and composition of the low-

temperature oxide.
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Figure 8.7. Ex situ spectral emissivity as a function of annealing temperature for the three
detection wavelengths of the pyrometer: (a) 1.6 pm, (b) 2.1 um, and (c) 2.4 pm. The red scatter
represents the samples processed in the Waterloo Annealing Simulator (WAS), while the blue
scatter is the samples processed in the McMaster Galvanizing Simulator (MGS).

8.6. Comparing in situ and ex situ temperature-dependent radiative properties

Section 4.2 focused on the differences in radiative properties between the samples processed in the
WAS and MGS. Given that this comparative investigation relied exclusively on quenched samples
characterized ex situ, it is imperative to determine if the radiative properties observed ex situ
capture the temperature-dependent effects observed in sifu. Since the MGS does not offer in situ
access, this is done by comparing the in situ measurement from the WAS simulator with the ex
situ measurements for samples annealed in both simulators.

Figure 8.8 compares the in sifu spectral emissivity against the corresponding ex situ
spectral emissivity at the same annealing temperature. The ex situ spectral emissivity was found
to underestimate the in situ spectral emissivity especially at lower temperatures and at shorter
wavelengths. Moreover, the in situ spectral emissivity varied logarithmically/exponentially with
wavelength, which is quite different from the linear trend exhibited by the ex situ spectral
emissivity measurements. Furthermore, the linear slope of the ex situ measurements remains
relatively constant with wavelength for all the temperatures while the curvature in the in situ
spectral emissivity flattens out with increasing temperature. The differences in the ex situ and in
situ radiative properties indicate differences in the optical properties of the AHSS surfaces even

though they were annealed at the same temperature. Beyhaghi et al. [157] also reported differences
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in the in situ and ex situ oxide properties of Inconel at 650°C, as measured by Raman spectroscopy,

highlighting variations between in sifu and ex situ conditions.
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Figure 8.8. Comparing the in situ and ex situ spectral emissivity for annealed DP980 at the
following temperatures: (a) 200°C, (b) 300°C, (c) 400°C, (d) 650°C, (e) 750°C, and (f) 800°C
(after 30s soak). The WASspect and WASpyro are the in situ spectrometer and pyrometer readings,
respectively, from Figure 8.4 and Figure 8.5. The WASex si and MGSex sini are the ex situ FTIR
spectrometer measurements on rapidly quenched samples, shown in Figure 8.6.
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The spectral emissivity of a metallic surface depends on wavelength and temperature
through two main features: (1) the interaction of the EM wave with the constituent oscillators in
the metal surface (mainly electrons), and (2) surface topography, which may be affected by the
formation of oxides and other contaminants. In the case of polished metallic surfaces, Hagen-
Rubens theory predicts that spectral emissivity should decrease with wavelength over the infrared
spectrum. The emissivity should also increase with temperature at wavelengths longer than the
crossover or “X” point and decrease at wavelengths shorter than this point. For most metals, the
crossover point is in the visible or near-infrared spectrum. The picture is further complicated by
surface roughness due to upstream processing (cold-rolling and pickling) and, especially, the
emergence of oxides of varying composition and morphology in a way that depends on alloy
composition, atmosphere, and heating schedule.

An evolving oxide film is most likely responsible for the pronounced difference between
ex situ and in situ measured €. observed in Figure 8.8. At shorter wavelengths, the oxide layer
thickness is smaller or comparable to the detection wavelength, which produces a stronger
constructive and destructive thin-film interference pattern that increases the emittance of the metal-
oxide composite [54]. Therefore, as the surface oxides become reduced with increasing
temperature, the oxide layer becomes thinner, causing the spectral emissivity of the composite
metal-oxide to approach the emissivity of the steel substrate. This also explains why the in situ
spectral emissivity at 800°C approaches the ex sifu spectral emissivity values (which are close to
the pre-annealed radiative properties of the steel as seen in Figure 8.6).

These results strongly suggest that ex situ characterization does not fully capture the impact
of temperature on the varying radiative properties during annealing. Ex sifu characterization in this
study does seem to capture some of the temperature-induced variations such as changes in surface
oxides and roughness since some of these remain at room temperature after the steel is rapidly
cooled. However, it would be difficult for ex situ techniques at room temperature to capture
temperature-dependent changes in the optical properties of the oxide layer and steel substrate that

exist only at elevated intercritical annealing temperatures.
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8.6.1. Pyrometry estimates with in situ versus ex situ spectral emissivity

To highlight the importance of in situ spectral emissivity for accurate pyrometry of AHSS, Table
8.1 summarizes the measurement error that would result if the ex sifu emissivities from the WAS
and MGS simulators were used to infer the pyrometry temperature during annealing, instead of
the in situ ones. Using Wein’s approximation to Planck’s law, the pyrometry temperature, 7p, was
estimated from the in situ pyrometer intensity, /nd, and the estimated spectral emissivities, exd,estimate,

such that

I = gkd,estimate Cl
AT

_Crdeinae™ (8.2)
A exp( ¢ ]

AT

d7p
where A4 is the detection wavelength of the pyrometer, C1 = 1.191x10% W-um*/m?sr, and
C2 = 1.439 um-K. The resulting overdetermined system of equations for the three detection

wavelengths was solved by least-squares minimization.

Table 8.1. Pyrometry estimates (7p) and the corresponding absolute error (AE) and relative error
(RE) obtained with the ex situ spectral emissivity from both simulators (W ASexsitu and MG Sexsitu)
compared against the thermocouple temperatures (7) and the estimates inferred with the in situ
spectrometer emissivity (WA Sspect).

. W ASspect W ASexsitu MGSexsitu
e T, (°C) AE(°C) RE(%) Tp(°C) AE(°C) RE (%) T, (°C) AE (°C) RE (%)
299.3 — — — 321.5 22.1 7.4 329.2 299 10.0
400.2 — — — 427.7 275 6.9 4319  31.7 7.9
650.1 655.1 5.0 0.8 696.4 463 7.1 689.7  39.6 6.1
749.4 750.1 0.7 0.1 810.8 61.4 8.2 816.4 67 8.9
800 818.8 18.8 24 8274 274 3.4 828.1 28.1 3.5

The in situ spectrometer emissivity (WASspect) and the ex situ spectral emissivities
(WASexsitn and MGSexsitu) at the three detection wavelengths (1.6 pm, 2.1 um and 2.4 um) were
substituted for &estimate in Eq. (8.2) to obtain the pyrometry estimates in Table 8.1. Because the
pyrometer detection threshold is 250°C, there are no pyrometry estimates for the 200°C sample.
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Likewise, there are no WA Sspect estimates for 300°C and 400°C because the spectrometer detection
threshold is 400°C.

Although the WASspect temperature estimates were obtained using in situ spectral
emissivity values, some variations exist between the spectrometer and pyrometer measurements
as shown in Figure 8.5 and Figure 8.8. The pyrometry error resulting from this variation is small
at 650°C and 750°C but increases at 800°C (after soak) due to the increased divergence in the 2.4
um emissivity estimates as seen in Figure 8.8 ().

The temperature estimates derived using the ex situ WAS and MGS emissivity
measurements overpredict the thermocouple temperature because these ex sifu values underpredict
the in situ WASpyro spectral emissivity as seen in Figure 8.8. As expected, the measurement error
is more pronounced at lower temperatures where there is a significant difference between the in
situ and ex situ radiative properties. The fact that relative measurement error can be as high as 10%
emphasizes the importance of capturing temperature-dependent variations when building robust

emissivity models for accurate AHSS pyrometry.

8.7. Conclusions

This chapter presents in situ and ex situ measurements of spectral emissivity of dual-phase AHSS
alloy (DP980) annealed within two different annealing simulators with identical annealing process
conditions. /n situ spectrometer and pyrometer measurements were compared against ex situ FTIR
spectrometer measurements in the near-infrared wavelengths important to pyrometry. The
consistent effect of temperature across the samples processed in both simulators proves the
observed trends are not artefacts of a specific annealing simulator.

The results elucidate the impact of low-temperature oxidation on the radiative properties
of AHSS. Both the in situ and ex situ radiative properties of the DP980 alloy show that the spectral
emissivity increases from its pre-annealed value to a peak emissivity value around 300°C — 400°C,
before decreasing with increasing temperature. Thermodynamic analysis of the oxidation potential
of the DP980 alloy suggests that this peak in emissivity is primarily due to stable iron and selective
oxides that form at lower temperatures. However, this low-temperature oxidation effect is
presumably more pronounced here due to the temperature difference between the heated steel and

the annealing atmosphere. Furthermore, both the in situ and ex situ spectral emissivity evolved
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significantly between 650°C and 750°C, likely indicating a phase transformation of manganese
into complex ternary oxides.

Most importantly, the comparative analysis of the ex situ and in situ radiative properties of
annealed DP980 samples provides crucial insight into the effect of temperature on the radiative
properties of the steel substrate and the selective oxide layer. The pyrometry error resulting from
the difference between the ex situ and in situ measurements highlights the fact that the evolving
radiative properties of AHSS during annealing are driven by the combined effect of temperature-
induced changes in the surface of the steel combined with the temperature-dependent variations in

the optical properties of the composite metal-oxide AHSS surface.
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Chapter 9
Conditional emissivity prior for improved temperature
estimates’

The Bayesian pyrometry model introduced in Chapter 6 provides steelmakers with a measure of
uncertainty (credibility interval) alongside the pyrometrically-inferred temperature (MAP
estimate). Quantifying the uncertainty in the pyrometry estimate gives insights into the potential
error in the inferred temperature, enabling better control decisions about the annealing process to
ensure the desired material properties at the end of the annealing cycle. However, excessively wide
uncertainties in the pyrometry estimates compromises the reliability of the measurement, thereby
limiting its effectiveness in controlling the intercritical annealing process. Unfortunately, the
uncertainty values for the pyrometry estimates obtained thus far in this thesis well exceed the
temperature tolerance bounds for AHSS processing, primarily due to the information content of
the spectral emissivity prior. The results in Chapter 7 have showed that, depending on the
annealing dew point, the estimated uncertainty can range from =14 K to 31 K, with the credibility
interval sometimes failing to capture the thermocouple temperature at lower temperatures. This is
unacceptable for the industrial galvanizing line as Mosser et al. [18] have showed that temperature
excursions of £25 K or more in the annealing control pyrometry estimates for DP980 alloys will
produce mechanical properties that deviate from the ASTM specification. Moreover, steel
manufacturers within the GAP program desire a temperature control window of £2°C to +4°C of

the annealing temperature, especially for second and third generation AHSS grades.

7 Some sections of this chapter have been disseminated in the following conference paper:

F.K. Suleiman, N.S. Narayanan, and K. J. Daun, 2023, “Investigating the in situ effects of selective
oxidation on the radiative properties of advanced high strength steel,” Proceedings of the 13th
International Conference on Zinc & Zinc Alloy Coated Steel Sheet, Seoul, South Korea.
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While the Bayesian pyrometry model incorporates uncertainty introduced by several
variables (i.e., spectral emissivity, calibration coefficients and measurement noise), the imperfectly
known emissivity has been identified as the major source of uncertainty, influencing the width of
the temperature posterior distribution. The ex situ-based emissivity prior used for DP980 alloy in
previous studies [143, 158] (i.e., Chapters 6 and 7) has a wide density width (i.e., less information
content) which is flexible enough to handle a wide range of emissivity variations across different
dew points, but produces temperature uncertainties ranging from +15°C to +31°C (at 95%
credibility interval), which is far greater than the desired temperature control window of +2°C to
+4°C. Furthermore, although the width of the inferred-temperature posterior typically captures the
thermocouple temperature, the absolute error on the MAP point estimates can range from +3°C to
+74°C, with the higher errors occurring at the lower annealing temperatures (< 600°C). The
precision and accuracy of the posterior obtained with the current emissivity prior are far from the
temperature control requirements, therefore it is critical to optimize the information content of the
emissivity prior distributions to improve the accuracy of the MAP temperature estimate while
minimizing the uncertainty (width) of the posterior temperature distribution.

To address this challenge, this chapter introduces the conditional emissivity prior approach
to represent the state of knowledge about the imperfectly known radiative properties of the AHSS
alloy. A prior specification parameter increases the information content of the specified prior
distribution (i.e., narrower width) without sacrificing the flexibility to adapt with the evolving
emissivity. The prior specification parameters explored in this chapter are the annealing dew point
and the equivalent blackbody temperature of the AHSS surface during annealing. Since the
equivalent blackbody temperature is derived from time-resolved emittance data, the emissivity
prior adapts to the changing surface state during the annealing process, thereby improving the
accuracy and precision of the temperature posterior.

In addition to improving the accuracy of the temperature posterior, this chapter investigates
the correlation between variations in spectral emissivity and the evolving surface selective oxides
for a high manganese dual-phase alloys (DP980 and DP780) annealed at dew points of —30°C and
—45°C. Spectral emissivity variations were observed across samples annealed at the same dew
point, highlighting the impact of oxidation on the development of selective oxides. Comparing the

emissivity of the dual-phase alloys against a standard EDDS grade IF steel showed peaks in the
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evolving spectral emissivity around 700°C, which suggests the transformation of manganese oxide

to mixed oxides.

9.1. Bayesian pyrometry model
The Bayesian pyrometry model introduced in Chapter 6 provides a statistically robust approach
for accounting for the uncertainties associated with the varying and imperfectly known spectral

emissivity. The Bayes’ equation relating all pertinent pyrometry variables is re-stated as:

T.&K)p, (T.&K)
p(S)

p(T,s,K|S)=p(S

ocp(S

T’S’K)ppr(T)ppr(a)ppr(K) (9'1)

For a three channel multi-wavelength (MW) pyrometer, S = [Su1, Si2, $i3]%, € = [erd1, €rd2, enas]’,
and K = [Ki1, K2, K13]' contain the counts, spectral emissivity, and calibration factors at the
detection wavelengths, respectively, and 7 is the temperature of the AHSS steel. The posterior
PDF, p(T, €, K|S), defines the probability of these parameters (7, €, K) being correct given the
observed pyrometry counts, S, while the likelihood p(S|7, & K) defines the probability of
observing the pyrometry count data, S, conditional on measurement noise, calibration error, and
uncertain radiative properties. The evidence, p(S), is a normalizing constant that ensures that the

posterior satisfies the Law of Total Probability.

The likelihood depends on a measurement model derived from Wien’s approximation to

Planck’s distribution [19]

¢ ~ K- ngCl (9.2)
C
A {exp[kdzTJ—l} A exp(kdsz

where fhi.q is the blackbody intensity at 7, C1=1.191x10®* W-um*m?sr, and C2=1.439 um-K.

Sia € €alina (;\‘dﬂT) =K, €4°

The prior PDF, pp(T, €, K), defines what is known about the strip temperature, radiative
properties, and calibration constants before the measurements (e.g., through ex situ or in situ
radiometric measurements and an offline calibration procedure). As discussed in Chapter 6, the
priors for 7, €, and K are assumed to be independent. Similarly, the prior distributions, ppi(7),
per(€), and ppr(K), and the likelihood distribution, p(S|7, €, K), are defined as normally distributed,

which allows the posterior distribution, p(7, €, K|S), to be approximated as a Gaussian distribution.
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Compared to the point temperature estimates obtained with typical MW algorithms,
estimating a posterior temperature distribution provides a measure of the expected error in the
inferred temperature based on the uncertainties introduced by measurement noise, calibration noise
and, most importantly, the imperfectly known spectral emissivity. Ultimately, the Bayesian
pyrometry model aims to provide steelmakers with a measure of uncertainty in the strip
temperature that can easily be compared against predefined temperature tolerance for the
mechanical properties of the AHSS grades. However, this objective can only be achieved if the
prior distributions defined for each parameter accurately maximizes the information entropy to

prevent under- or over-estimation of the temperature posterior density.

9.1.1. Conditional emissivity prior

The spectral emissivity of AHSS alloys is described as imperfectly known because it is difficult to
understand and model the radiative properties of the alloy with respect to the many material
properties and process parameters that govern the annealing process (e.g., wavelength,
temperature, dew point, alloy composition, pre-annealed surface state, oxide layer thickness, oxide
growth kinetics, etc.). Previous works on deterministic MW compensation algorithms have
provided insight into the factors influencing emissivity variation by incorporating material and
process parameters as latent or explanatory variables in the emissivity model, essentially creating
a multivariate emissivity algorithm. There are many ways to define probabilistic multivariate
priors in the Bayesian context, primarily by incorporating hierarchical structures and conditional
dependencies. Hierarchical priors involve specifying a multi-level structure wherein the emissivity
prior depends on the distribution of the latent or explanatory variables. Conditional priors, on the
other hand, treat the latent or explanatory variables as conditioning factors, which affect the
spectral emissivity prior distribution in an explicit way.

This present work will focus on defining a multivariate emissivity prior that accounts for
the interdependent effects of atmosphere dew point, 74p, and the equivalent blackbody temperature,
Tre, on the spectral emissivity of dual-phase AHSS alloys. Tve is a vector of the equivalent
blackbody temperature of the steel surface at each wavelength, i.e., Toe = [Toer1, Toer2, Toer3]'. The
spectral equivalent blackbody temperature, The, is the temperature at which a perfect emitter will
emit the same spectral intensity as the steel surface. At each time step, Toe is calculated from the

measured spectral intensity, S, using Eq. (9.2) with .= 1, such that
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(9.3)

The annealing dew point is best described as an explanatory variable because it is a
parameter specified before the annealing process but the equivalent blackbody temperature is a
latent variable because it is inferred from the measurement obtained during annealing.
Incorporating The as a latent variable in the emissivity prior provides a good approximation for
how the radiative properties change with the annealing temperature.

All quantities in the Bayesian context, including 74p and Tre, are represented as random
variables that obey a probability distribution reflecting the state of knowledge of that variable.
There are many ways to define a distribution for a given dew point, 7ap, with the simplest form

being a normal distribution that represents the measurement noise and variations in the dew point

values during the annealing process, i.e., p(Tdp) ~ Mpdp, 6ap°). Next, for the equivalent blackbody

temperature, since Trve depends on S, the measurement noise on the spectral intensity at each time

step will be numerically propagated to give the distribution for p(Tve) such that, p(Tbe) = p(Tbe|S)

~ Me, T've). Therefore, the spectral emissivity prior, ppr(€) ~ M, I's), becomes a hierarchical
prior with pe and I': determined by marginalizing over the possible values of 7Tdp and Thbe:
P (€)= [] (e[l T ) p(T.18) (7, )T, T, 9.4)

where p(€| Tap, The) is the probability distribution of the spectral emissivity prior given the variables

T4p and Tre. It is assumed that 7ap and Tve are conditionally independent. The marginalized
distribution, ppr(€), incorporates the uncertainty introduced by 7dp and The.

Given the wide range of values that the continuous variables 74 and Tve can hold, to obtain
obtaining ppr(€) by marginalizing p(€| Tap,Tve) over all the possible values of Tdap and The is a
computational expensive step. Moreover, the uncertainty (width) of ppi(€) depends on the
uncertainty introduced by p(7d4p) and p(Tebe), so integrating over the entire range of possible values
for both variables will result in a wider emissivity prior. To address this, a two-step discretization
system is introduced to simplify the complex relationship between Tdp, Toe, and €.

First, an index, i, is defined to represent a discrete number of possible dew points, 7dp,i, for

the annealing process. This treatment is justified because a finite number of possible dew points
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are normally used for AHSS processing (e.g., —50°C, -30°C, +5°C, etc.). This approach also
significantly reduces the number of annealing experiments that need to be conducted to collect
sufficient empirical data to build the distribution for p(g| Tap, Tve). Next, for each i-th nominal dew
point value, i.e., Tdp,, the continuous equivalent blackbody temperature at each wavelength and

time step, Therd, 1S discretized into j categorical bins based on predefined bin boundaries.

Ty > Tpg € {’i,msrz,xda' "””j,xd}
tpa T € [xmin,l > ‘xmax,l)
704 it 7, € I:xmin,2 > Xinax,2 ) ©.5)
Foa(Toaa) =1 " )
Vi ifT,, € I:xmm] 5 max,j:l
where 71, 72, ..., rj are the bin labels, and [xmin,; , Xmax,;] defines the bin boundaries, i.e., a specific

range of equivalent blackbody temperature for each bin, 7. To simplify the bin assignment process,
the same bin boundaries are used for the three detection wavelengths, i.e., [Xmin, , Xmax,/], are
independent of wavelength. However, given that the equivalent blackbody temperature varies with
wavelength, each Therda will fall within a different boundary and thus would have a different bin
index. After assigning each Tberd to a bin, this creates a vector, r, of bin assignments for the three
detection wavelengths at each time step, i.e., r= [r1, 2, Fn3]".

With this two-step discretization system, the spectral emissivity prior, ppr(€), becomes
ppr zp dp,i ZIT qu 8|T;1Pl’ ) ( |Tbe’]zlpl)p(Tbe S)d'rbe (9'6)

where p(Tap,i) is the probability of annealing at a dew point level, Tap,i, p(r | Toe, Tap,i) is the

probability of the bin assignments r given the dew point, 7ap; and the equivalent blackbody

temperature, Tve, and p(e | r, Tdp,i) is the likelihood of the emissivity given the dew point value

Tiap,i, and the bin assignments, r. The integral, IT \ dT,, integrates over values of Toe that fall

be €R(r)
within the bin ranges defined by r. $R(r) defines the integration limits, i.e., the bin boundaries

([*min,, Xmax,]) imposed on each element of Tve by the bin assignment process, such that,

R(r) = {

T oa e[xmmd, maxj] for eachi} Y. sums over all the possible bin assignments

across all detection wavelengths, 44, to account for uncertainty in the bin assignment process. This

ensures that ppr(€) reflects the uncertainty of all the possible bin assignment for a given The.
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However, if the bin boundaries are clearly defined with no overlap, ensuring no uncertainty in the
bin assignment process, each Tve will be deterministically assigned to a unique r. This eliminates

the summation over r and sets the probability, p(r | Tbe, Tdp.)) = 1, which gives:

P (8) - Zp(];p’i)J.Tbeeﬂ?(r)p(s | posi’r)p(Tbe S)dTbe (9'7)

Equivalently, the summation accounts for uncertainty in the annealing dew point by
summing over all the possible annealing dew points that influence the annealing process and thus
ppr(€). This is a useful step when there is ambiguity on the exact annealing dew point, or it falls
between two or more predefined dew point levels. This summation is also useful when defining a
general emissivity prior to compensate for changes in emissivity associated with varying dew
points. However, when emissivity variation is aggregated over several dew point levels, the
resulting general emissivity prior, ppr(€), reflects a greater amount of uncertainty, especially if the
radiative properties of the material varies significantly across those dew point levels.

In this work, the dew point is assumed to be perfectly known and held constant at a single
value. Therefore, there is no need to sum over all the possible dew point values and the prior for

the dew point reduces to p(7dp.)) = 1. This further simplifies the emissivity prior, ppr(€):
Pu()=], (81T 1) p(T.[S)dT, 9.8)

Finally, given that Tve is only used to determine the bin indices, r, this can be further

simplified by ignoring the uncertainty introduced into our estimate of Tve with the assumption that
the measurement noise in S is not significant enough to influence the bin assignment. Therefore,

P(Tre|S) becomes a Dirac delta function centered on the value of Tbe(S) obtained via Eq. (9.3), and

_[T m(r)5 (Tbe -T, (S))dTbe =1. The final simplified expression for pp:(€) becomes:

Py (8)=p(e]Tr (T))
(9.9)

With the two-step discretization system and the deterministic approximations for 7dp,i, Tbe,
and r, the hierarchal emissivity prior in Eq. (9.4) reduces to the conditional emissivity prior in Eq.
(9.9) as the emissivity distribution is explicitly specified by the nominal values of 7ap; and r(Tbe).

Although defining the conditional emissivity prior seems numerically complex,

empirically, the data collection and implementation of the two-step discretization system is much
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simpler. First, replicates of a given AHSS grade are annealed at a nominal dew point, 7dp:. Then
the spectral emissivity, at each time step is assigned to a bin, r, based on the j-index specified by
the corresponding equivalent black body temperature, Tove, at that time step. When all the
emissivity values have been assigned, the mean and variance of each bin at each wavelength is
first evaluated, followed by all possible combinations of bin pairs across wavelengths to obtain the
inter-wavelength and inter-bin covariance. The conditional emissivity prior obtained empirically

can be summarized as follows:

P, (€)= Py (2) = p(&| 01 () ~ N (n,.T,)

2
MSM o GSM Tl COV(SMJ‘/.M ? SMJ/,M ) COV(SM”’/,M ? 87V3J,',)~3 )
s 2 (9.10)
n = MSXZ*rj,KZ ’ F? = COV(SM,"/‘M ’ 8}\2”/,12 ) GSAZJ/,LZ COV(SMJMZ ’87&3,’”/.” )
2
He s _cov(sM,,j’M €134 ) cov(sm,rf 28130 ) O |

To apply the conditional emissivity prior during annealing, the dew point value, Tdp.;, and
the equivalent blackbody temperature, Thbe, at each time step is used to determine the appropriate
bin indices vector, r, which defines the terms of the conditional emissivity prior in Eq. . This prior
is then be used in Eq. (9.1) to obtain the MAP estimate and credibility interval of the
pyrometrically-inferred temperature. If multiple dew points are used in a CGL or annealing setup,

these steps are repeated for each dew point to obtain its corresponding conditional emissivity prior.
9.2. Annealing experimental procedure

Cold-rolled as-received dual-phase AHSS alloys (DP780 and DP980) are processed following the
steps in Sections 7.1. The specific Si/Mn ratio for the alloys are summarized in Table 9.1. The
location column describes the sample extraction location along the length of AHSS coil and the

rolling direction of the coil respective to the 15 cm length of the extracted samples.

Table 9.1. Silicon-to-manganese ratio (Si/Mn), coil extraction location and annealing dew point
for the AHSS alloys. The Si/Mn ratio was obtained by spark atomic emission spectrometry.

Sample No. Alloy Si/Mn Location Dew point
#1 —30°C
DP980 0.04 Centre, Longitudinal
#2 —45°C
#3 DP780 0.10 Head, Transverse —45°C
#4 IF - - —30°C
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In this study, the radiative properties of the dual phase AHSS alloys are compared against
a standard extra deep drawing steel (EDDS) grade IF steel (Sample #4) annealed at —30°C, to
highlight variations in radiative properties due to the selective oxidation of the alloying elements
in the dual phase AHSS alloys. All the steel samples are annealed in a 95% N2-5% H:z reducing
atmosphere at the dew points listed in Table 9.1.

The samples are annealed in the chamber (Section 4.3) following the same sample
preparation step and heating schedule laid out in the previous chapters. Prior to annealing, the pre-
annealed radiative properties are characterized with a Bruker Invenio-X FTIR spectrometer.
During heating, the emitted radiation from the sample is recorded with the OceanOptics
NIRQuest512 spectrometer for wavelengths ranging from 1.2 um — 2.5 um. The pyrometrically-
inferred temperature is derived from the spectrometer data at 1.6 um, 2.1 pm and 2.4 pm, which
corresponds to the detection wavelength of the industrial multi-wavelength pyrometer (Williamson

PRO MWX-ST-17).
9.3. Variations in radiative properties

9.3.1. Pre-annealed radiative properties

Evaluating the pre-annealed radiative properties of the alloys ensures that the effect of the
annealing process parameters on the radiative properties are uncoupled from the effects of the
upstream processes on the radiative properties of the steel.

The ex situ near-infrared spectral emissivity of the cold-rolled, as-received, steel samples
was measured with an integrating sphere attachment on the FTIR spectrometer. As discussed in
Section 8.3, the measurement uncertainty of the FTIR is approximately +3% with an additional
+5% introduced by the sample orientation during measurement.

Figure 9.1 shows that the pre-annealed spectral emissivity of all three steel grades have
nearly identical slope. While the spectral emissivity of the DP980 samples is highest followed by
the IF and then the DP780 samples, in the context of the overall measurement uncertainty (i.e.,
+8%), the pre-annealed radiative properties of all samples are comparable. The two DP980
samples in Figure 9.1, i.e., Sample #1 and Sample #2, which will be annealed at —30°C and —45°C,
respectively, have identical pre-annealing radiative properties. This means that any variations in
the spectral emissivity for Samples #1 and #2 observed in situ can be solely attributed to the

varying oxidation thermodynamics and kinetics during annealing.
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Figure 9.1. Pre-annealed spectral emissivity, €, for the AHSS and mild steel samples: DP980
(Samples #1 and #2), DP780 (Sample #3) and IF (Sample #4).

Prior to annealing, the radiative properties of these samples are predominantly influenced
by variations in the surface topography of the steel. Therefore, analyzing the topographical features
of the DP980, DP780 and IF samples can provide insights to the differences in their pre-annealed
radiative properties. Figure 9.2 shows the optical micrographs and the roughness parameters
obtained using a Keyence VHX 5000 optical microscope. The root-mean-square (RMS)
roughness, Sq, and the surface slope, Sq/t, are obtained by averaging three measurements on an
individual sample. The optical images of the samples highlight that the DP780 has a ‘pang’ finish,
a term used to describe the textured surface produced by electro-discharge texture (EDT) roll in
the last stand of the cold-rolling process, while the DP980 and IF steel have bright finish typically
achieved with the use ground rolls in the last stand. In terms of the roughness parameters, the
surface slope unfortunately does not provide significant insight into the varying pre-annealed
radiative properties, because the surface slope values for the three samples are much closer in
magnitude, especially in comparison to the differences in their spectral emissivity. The lack of
significant correlation between surface slope and radiative properties was also observed by
Narayanan et al. [4] for DP780 samples, and was attributed to the presence of surface cavities that
act as perfect emitters. Contrarily, the Sq values indicate that in the NIR wavelength range shown
in Figure 9.1, the DP780 and IF samples are best described as optically-rough (Sq/A >>1) while the
DP980 is optically-smooth (S¢/A <<1). More specifically, the trend observed with the RMS
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roughness suggests that the spectral emissivity decreases with increasing surface irregularities
because the rougher surfaces produce multiple scattering events that redirect incident irradiation
outwards, making the surfaces more diffuse-like [54, 79].

In previous studies by Lin et al. [74, 75], it was observed that the heterogeneity of the pre-
annealed surface topography also influences the morphology of the oxide layer formed during
annealing, with a uniform oxide layer more likely to form on smoother surfaces and more oxide
nodules are typically found on rougher surfaces. While the scope of this chapter does not include
the specific oxide morphology formed during annealing, it is important to consider how this could

impact the varying in sifu radiative properties, and thus the pyrometric estimates.

(a) DP980 (b) DP780 () IF

Sq=10.66 £ 0.08 ym Sq=4.42 £ 0.64 um Sq=1.69 £0.37 pm
Sq/t=0.27+0.07 Sq¢/t=0.30+0.007 S¢/t1=0.23 +£0.008

Figure 9.2. Optical micrographs and roughness parameters (Sqand Sq/t) for the AHSS and mild
steel samples: (a) DP980, DP780 and (c) IF.
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9.3.2. In situ spectral emissivity variation
The plots in Figure 9.3 show the temporal and spectral variation in the normal spectral emissivity
of the dual phase AHSS alloys calculated using Eq. (9.2), with S and T obtained from the
spectrometer and thermocouple measurements, respectively. The spectrometer calibration
constant, Kid, is estimated using the absolute intensity calibration process. A first-order, three-
frame Savitzky-Golay filter is also applied to minimize the effects of noise on the spectral signal.
Generally, the spectral emissivity of both the dual-phase and mild steels is observed to
decrease with increasing temperature above 400°C and increasing wavelength, with the most
significant changes occurring during the heating period. The wavelength-dependent variation in

emissivity for all three steel grades is consistent with the trends observed so far in this dissertation.
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Figure 9.3. Evolving spectral emissivity, €., measured in sifu as a function of time, wavelength
and temperature for the annealed steel samples at their respective dew points: (a, €) Sample #1:
DP980 at —30°C DP; (b, f) Sample #2: DP980 at —45°C DP; (c, g) Sample #3: DP780 at —45°C
DP; and (d, h) Sample #4: IF at —30°C DP. The graphs on the right (e, f, g, and h) show the
spectral emissivity at nominal temperatures relative to the pre-annealed values from Figure 9.1.

While the emissivity spectra in Figure 9.3 reveal wavelength-dependent trends at
approximately 1.4 um, 1.9 um, and 2.2 um; further analysis is required to exclude the influence of
participating media at these wavelengths. Therefore, this chapter will focus on analyzing the
spectra at the three detection wavelengths (1.6 um, 2.1 pm, and 2.4 um) of a commercial multi-
wavelength pyrometer (Williamson PRO MWX-ST-17). The wavelengths of industrial pyrometers
are typically selected to minimize the influence of participating media such as water vapour,

flames, steam, and combustion products [159].
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Figure 9.4. Temporal variations in the spectral emissivity at the pyrometry detection wavelengths:
(a) 1.6 um; (b) 2.1 um; and (c) 2.4um, highlighting the observed emissivity peaks.

Figure 9.4 and Figure 9.5 show the spectral emissivity of the dual-phase alloys, i.e.,
Samples #1, #2 and #3, relative to the IF mild steel (Sample #4) to highlight the impact of in situ
selective oxidation on the varying radiative properties. The spectral emissivity curves of the dual-
phase alloys are all higher than the emissivity curve of the IF steel. The oxygen potential diagram
in Figure 2.6 and Ref. [74] indicates high thermodynamic stability for the formation of silicon,
manganese and chromium oxides at dew points of —30°C and —45°C. However, whether the
selective oxides form at the steel surface or subsurface depends on the inward flux of oxygen
relative to the outward flux of alloying elements [42, 160]. Numerous studies have demonstrated
that annealing AHSS alloys in low pO:2 atmospheres promote the formation of an external MnO
layer compared to other oxides [44, 50, 78, 161, 162]. Lin et al. [74] also reported that the refractive
indices of the DP980 alloy (Si/Mn = 0.04) annealed at 800°C and —30°C dew point are close to
the published optical properties of MnO [163]. Therefore, given that spectral emissivity is a surface
property, it is expected that the observed variation in spectral emissivity for the dual-phase alloys
would be primarily influenced by differences in the morphology and kinetics of the Mn-rich oxide
layer on the steel surface. Consequently, the difference in the radiative properties of the DP980
samples annealed at —30°C and —45°C (i.e., Samples #1 and #2, respectively) can be attributed to
an increase in the outward flux of the manganese to the surface compared to the inward flux of
oxygen. Sample #2, which was annealed at lower pOa2, showed higher spectral emissivity,

indicating increased external oxidation.
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Having the spectral emissivities at the three detection wavelengths side-by-side, as in
Figure 9.4 and Figure 9.5, further highlights how the effect of an oxide layer on the radiative
properties varies with wavelengths, with more pronounced effect at the shorter wavelengths. At
the longest pyrometry wavelength (2.4 pum) in Figure 9.4 (c) and Figure 9.5 (c), the two dual-phase
alloy grades (DP980 and DP780) exhibit very similar radiative properties irrespective of their pre-
annealed surface topography, alloy composition, and annealing dew point. Knowledge of the
relative sensitivity of the detection wavelengths to material and process parameters can be
leveraged to design and improve the robustness of emissivity compensation algorithms.

Figure 9.4 also shows that the DP980 alloy (Sample #2) and the DP780 alloy (Sample #3),
both annealed at —45°C, have very similar spectral emissivity values in situ at all wavelengths
despite the differences in their alloy composition and pre-annealed radiative properties. This
similarity suggest that the differences in the alloy composition of the two dual-phase alloys in this
study are not significant enough to produce drastically different oxide layers, and furthermore, the
high-temperature radiative properties of the resulting oxide layer dominate over the influence of

the pre-annealed surface topography for the wavelength range considered in this study.
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Figure 9.5. Spectral emissivity as a function of temperature at the pyrometry detection
wavelengths: (a) 1.6 um, (b) 2.1 um, and (¢) 2.4um. The temperature of the emissivity peaks falling
within a 12°C range (693°C - 705°C).

Additionally, the spectral emissivity curves of all dual-phase alloys (Samples #1 - #3)
exhibit distinct peak identified around 50 - 60 seconds, which is absent for the IF steel (Sample
#4). Plotting the emissivity against the temperature, Figure 9.5, reveals that this peak occurs at

temperatures between 600°C and 700°C. Given the DP980 and DP780 alloy has a high Mn content
(low Si/Mn ratios), this peak is most probably due to the decomposition of MnO to form Mn-Si
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ternary oxides that are more thermodynamically stable [78]. Ham et al. [77] also observed changes
in emissivity around 650°C due to the formation of Mn-Al mixed oxides in TRIP steel. In addition,
the temperature and prominence of these peaks appear to depend slightly on the partial pressure of
the annealing atmosphere and the extent of external oxidation, with the peak of the dual-phase
steel sample annealed at higher dew point, i.e., Sample #1 at —30°C, occurring at a higher

temperature compared to Samples #2 and #3.

9.4. Bayesian pyrometric temperature estimate

The first step towards defining more robust and precise prior distributions for the imperfectly
known radiative properties of AHSS is to employ in sifu spectral emissivity measurements since
Chapter 6, Chapter 7 and Chapter 8 have clearly shown that radiative properties measured ex situ
do not fully capture the emissivity variations observed in situ during annealing. Moreover, the
introduction of The as a latent variable for the conditional emissivity prior is only possible with in
situ measurements. This section focuses on demonstrating the impact of a conditional emissivity
from in situ measurements on the temperature posterior uncertainty estimates. It is divided into
three subsection as follows: Sec. 9.4.1 reviews the process of generating the conditional emissivity
prior from in situ measurements on DP980 replicates annealed at —30°C; Sec, 9.4.2. discusses the
accuracy and uncertainty of the pyrometrically-inferred temperature obtained with in situ
conditional emissivity prior compared against the results from an in situ general emissivity prior
and the ex situ emissivity prior from Chapter 6; and Sec. 9.4.3 presents a further validation of the
conditional prior by evaluating the pyrometry estimates when applied to DP980 and other steel

grades at various dew points.
9.4.1. Generating a conditional emissivity prior from in situ replicates

To illustrate the concept of the conditional emissivity prior, this chapter considers a single dew
point level at —30°C, i.e., Tdp,i=1 = —30°C, which will simply be referred to as Tdp1 in subsequent
references. Four samples of the DP980 alloy, which constitute replicates of Sample #1 discussed
in Section 9.3, are annealed at 7ap1 with the same heating schedule. Figure 9.6 shows the in situ
spectral emissivities of the replicates alongside those of the primary sample (i.e., Sample #1) at
the three detection wavelengths of the pyrometer. While the pre-annealed radiative properties,
heating schedule and annealing dew point were kept constant for these specimens, the differences
in the temporal variations of the radiative properties observed in Figure 9.6 indicates variations in
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the oxidation kinetics and oxide morphology during annealing which in turn affects the spectral
emissivity of the AHSS surface. The impact of this varying oxidation kinetics is more evident
during the heating/ramp portion of the annealing cycle, especially at the shorter wavelength (1.6
um). A clear illustration of this can be seen by comparing Replicates #1, #2, and #3, which all start
out with similar radiative properties between 30 to 35 secs (around 400°C), but their radiative
properties evolve differently with time and temperature especially for Replicate #1. Likewise,
Sample #1 and Replicate #1 start out with different radiative properties at ~400°C (30 to 35 secs
into the annealing cycle) but end up with surface states exhibiting similar radiative properties by

the soak period of the annealing cycle.

Rep #1 Rep #2 Rep #3 Rep #4 Sample #1
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Figure 9.6. In situ spectral emissivity of the DP980 sample (Sample #1) and replicates
(Replicate #1 - #4) annealed at T4p1 = —30°C. (a) 1.6 um, (b) 2.1 um, and (¢) 2.4um.

Prior to evaluating the equivalent blackbody temperature and implementing the two-step
discretization system, the spectral emissivity measurements of the replicates (Rep #1- #4) in Figure
9.6 are first combined to form an in situ general emissivity prior distribution as shown in Figure
9.7. This in situ general prior represents the knowledge of the emissivity variation at the annealing
dew point T4p1 across the temperature range of the annealing cycle (400°C - 800°C).

Compared to the ex sifu emissivity prior introduced in Section 6.2.1, which used 27
emissivity measurements from exactly 27 samples, the in situ general emissivity prior in Figure
9.7 is derived from 900 measurements using four samples since the continuous nature of the in situ
spectrometer measurements allows for more measurements over a wider temperature range
without the need to quench the sample.

Although the distribution in Figure 9.7 is modeled as a Gaussian, the histogram of the

spectral emissivities show that the data is skewed because we have more measurements at the soak
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temperature of 800°C. Given the skewness, the mean of the fitted Gaussian distribution
overestimates the spectral emissivity at 800°C, which would potentially bias the posterior. This
illustrates the importance of ensuring that the data incorporated into a sample-based prior is robust
and not biased to a specific annealing process parameter, such as the heating schedule in the case
of Figure 9.7. While not the direct focus of this section, the bias introduced by the heating schedule
can be minimized by reducing the amount of the soak period information incorporated in the

sample-based prior, as long as the goal is to simply define one general prior distribution at Tdp1.
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Figure 9.7. Histogram and Gaussian distribution fit for the in situ general emissivity distribution
conditional on T4p1, 1.€., p(¢ | Tdp1), at the three detection wavelengths: (a) 1.6 um, (b) 2.1 pm,
and (c) 2.4um.

Next, the conditional in situ emissivity prior, p(€ | Tap1, r(The)), is fully defined with Eq.

(9.3) applied to obtain the equivalent blackbody temperature, Toe = [Tver1, Toer2, Toer3]T, for each

of the replicates (Rep #1 - #4). Figure 9.8 plots the resulting Tve overlaid with six pre-defined bin

boundaries, such that r = {74 | Theid € Xmin; < Tbeid < Xmax,}. The bin boundaries were determined
by the amount of variability in the spectral emissivity for a given temperature range [Xmin, , Xmax,)
and not the difference between xmin; and xmax,;. For example, the fourth bin (rs: 500°C <Tbe<
650°C) has the widest range, especially for Theis at 2.1 pm and 2.4 um. However, looking at the
corresponding time interval (45 secs to 90 secs) for 2.1 um and 2.4 pm in Figure 9.6 shows that
there are minimal variations in the spectral emissivity within this period. Discretizing Tve based
on the corresponding emissivity variation ensures that the distribution for any given bin is not
over-constrained as this would produce computational instability due to an ill-conditioned

covariance matrix, I's [139].
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Figure 9.8. Plot of the equivalent black body temperatures, Tbve, for the DP980 replicates
annealed at 7pd1, showing the bin labels, 7j, and the predefined bin boundaries.

Figure 9.9 shows the resulting conditional emissivity prior distributions, p(€ | Tap1, r(Tbe)),
from the in sifu measurements on Rep #1 - #4 and based on the bin boundaries in Figure 9.8. It is
observed that, contrary to Figure 9.7, the histogram for each bin, 7j4, is symmetric, indicating that
the process of discretizing the data by Tve reduced the apparent skewness in the initial general
distribution. The symmetry in the data assigned to each bin makes the Gaussian distribution an
appropriate representation of the prior knowledge since the uncertainty in the spectral emissivity
is well-distributed around a central value. Although some of the bins (e.g., r1.1, 5,2, 763 etc.) are
empty, this does not impact the posterior estimation because the emissivity values at the detection
wavelengths are correlated. However, in the unlikely case that the model encounters outliers
assigned to an empty bin, the prior at that wavelength will adopt the distribution of the nearest

non-empty bin.
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Figure 9.9. Histograms and Gaussian distributions for the conditional spectral emissivity prior,
p(e | Tap1, r(The)), generated from in situ measurements on DP980 replicates annealed at the dew
point, Tap1 = —=30°C.

9.4.2. Temperature estimates with the conditional emissivity prior
In situ measurements from Sample #1 are used to evaluate the performance of the conditional in
situ emissivity prior, p(€ | Tdp1, r(Thve)), generated from Replicates #1 - #4. In this analysis, the
relationship between the replicates (Rep #1 - #4) and Sample #1 is conceptually parallel to the
train-test data split in machine learning, where the empirical prior from the replicates serves as
“training” on the expected variations in emissivity and Sample #1 “tests” how well the “trained
prior” compensates for unobserved variations in emissivity.

To accurately assess the improvements to the MAP and uncertainty estimates, the
pyrometrically-inferred temperatures obtained with p(g | ZTap1, r(Tbe)) is compared against the
predictions from the in situ general dew point-dependent emissivity prior, p(€ | Tdap1), and the ex
situ emissivity prior from Section 6.2.1. The in situ spectral irradiance, S, measured by the

spectrometer has an uncorrelated centered Gaussian noise with a standard deviation of 2%, i.e.,

P(S™8) ~ A (Smeas, diag((0.02-Smeas)?)). The temperature posterior distribution is obtained by

incorporating p(S™) and each of the emissivity priors as ppr (€) into Eq. (9.1). Section 0 details

the exact computation steps to obtain the temperature posterior. The resulting MAP pyrometric
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estimates and the associated 95% credibility interval for the three candidate emissivity priors are
shown in Figure 9.10. The credibility interval reflects the overall uncertainty in the temperature
posterior based on the uncertainties introduced by the priors and the measurements (likelihood).
Figure 9.10 (a) — (c) also show the in situ thermocouple measurements that serve as the ground
truth estimates of the true sample temperature. The K-type thermocouple has a measurement
uncertainty equivalent to 0.75% of the measured value, however, this uncertainty is omitted from

the plots for easier comparison of the pyrometric estimates.
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Figure 9.10. MAP estimates (solid lines) and 95% credibility interval (shaded area) for the
pyrometrically-inferred temperatures computed on Sample #1 using the three emissivity priors:
(a) ex situ emissivity prior, (b) in situ general emissivity prior, p(¢ | Tap1), and (c) in situ
conditional emissivity prior, p(€ | Tdp1, r(Tve)). The dashed lines represent in sifu nominal
thermocouple measurements.

All three emissivity priors produce credibility bounds that, for the most part, envelop the
thermocouple values. However, the credibility bounds for the conditional emissivity prior are
approximately half as wide as those for the other priors, indicating reduced uncertainty.
Furthermore, the MAP estimates obtained with conditional emissivity prior are the closest to the
thermocouple measurements, exhibiting the smallest error values as shown in Table 9.2. Although
all three priors are unable to effectively compensate for the varying emissivity at the lower
temperatures (<500°C), the conditional prior produces the most accurate MAP estimate, with the
resulting error being at least half of the error produced by the other priors. The better accuracy and
precision obtained with the conditional prior is primarily due to the increased information content
of the prior defined for each 7.4 bin, as seen in Figure 9.9. The use of Tbe to specify the prior

ensures the mean of the emissivity prior is more representative of the radiative properties of the
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steel surface during annealing, and the narrower spread of the emissivity distribution reduces the
uncertainty introduced into the temperature posterior.

Table 9.2. Signed error (Error), relative error (RE) and the uncertainty (£2c) obtained for
pyrometric estimates on Sample #1 for the three priors; ex situ prior, in situ general prior and in
situ conditional emissivity prior, at key temperatures (7)) during the annealing cycle.

EXx situ prior In situ general prior In situ conditional prior
Error RE 20 Error RE 20 Error RE 20
7 (°C) (°0) (%) (°C) (°C) (%)  (°O) (°C) (%) (°C)
400 69.9 17.5 16.4 459 11.5 15.7 28.9 7.2 7.1
500 314 6.3 17.2 26.9 5.4 18.9 17.7 3.5 13.1
600 22.8 3.8 21.5 10.1 1.7 22.8 52 0.9 15.4
700 14.3 2.1 25.6 5.7 0.8 27.9 8.2 1.2 17.7
800 (60 s) -2.1 0.3 29.9 -4.7 0.6 33.8 4.8 0.6 16.1
800 (75 s) -10.9 1.4 29.6 -18.6 23 32.6 -7.1 0.9 15.7
800 (90 s) -11.8 1.5 29.5 -19.6 24 32.6 -8.0 1.0 15.7

More specifically, the error obtained with the conditional prior for temperatures above
600°C ranges from +5°C to £8°C, which is quite close to meeting the desired temperature control
window for AHSS processing (i.e., £2°C to +4°C). Overall, compared to the other priors, the
conditional prior yields a significantly narrower credibility interval and reduced bias, meeting the
objectives of improving the accuracy, precision and reliability of the pyrometrically-inferred
temperature.

When evaluating the estimates obtained with the ex situ prior and the in situ general prior,
it is observed that the MAP estimates for the in situ general prior are more accurate except at the
800°C soak temperature, which is expected because the Gaussian prior distribution does not fully
represent the right-skewed nature of the emissivity data in Figure 9.7. This highlights the fact that,
in addition to using appropriate in situ data to construct sample-based emissivity priors, the fitted
distribution must also be appropriately selected to reflect the characteristics of the data and prevent

bias in the posterior estimates.

9.4.3. Further validation on DP980 alloy annealed at other dew points
The definition of the conditional emissivity prior, p(g | Tdp1, ¥(The)) in Section 9.1.1 assumes that

the nominal dew point, T4p1, is known deterministically with negligible measurement uncertainty.
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Although dew point measurements are inherently dynamic, this approximation is somewhat
acceptable for lab-scale measurements given the short duration of the annealing cycle. However,
this assumption is not entirely valid for the industrial galvanizing line since the dew point
measurements are known to vary across the different sections of the furnace, even when the goal
is to process the steel at a single specified dew point level.

To investigate the impact of variations in the annealing dew point on the accuracy of the
MAP and uncertainty estimates, the conditional prior is applied to DP980 samples annealed at
—45°C (Section 9.3.2, Sample #2) and —10°C (Section 7.2.1, Sample #2). The posterior densities
for these dew points alongside the —30°C estimates, are plotted in Figure 9.11, and Table 9.3
summaries the measurement error and uncertainties at key temperatures. The MAP values
overpredict the thermocouple measurements for the samples annealed at —45°C and —10°C, which
indicates that the mean of the prior underpredicts the in situ spectral emissivity of the sample at
these dew points. The 95% credibility interval estimate for the sample annealed at —45°C captures
the in situ thermocouple measurements, and provides better estimates at temperatures below
500°C, especially compared with the estimates on the sample annealed at —30°C. The credibility
interval for the sample annealed at —10°C, in contrast, narrowly fails to capture the thermocouple
measurements, with pyrometric estimates during the ramp falls right at the edge of the credibility
bounds. Despite this, the accuracy of the pyrometric estimates obtained with conditional prior for
the ramp period of the —10°C sample is a significant improvement over the results with the ex situ

prior shown in Figure 7.5.
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Figure 9.11. Posterior densities estimated with conditional emissivity prior for the DP980
samples annealed at (a) —45°C; (b) —30°C; and (c¢) —10°C. The solid lines indicate the posterior
distribution mean and the 95% credibility intervals (shaded area) are equivalent to two standard
deviations of the mean. The black dashed lines represent the in situ thermocouple measurements.
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Table 9.3 also shows that, despite variations in the MAP estimate (and thus error) at the
different annealing dew points, the estimated 95% credibility interval (+2c) remains relatively
similar, suggesting that the spectral irradiances (likelihood function) at the various dew point
provide similar uncertainty information despite their impact on the MAP estimate. This indicates
that the narrower variance of the prior distribution significantly dominates the posterior
uncertainty, making the credibility interval mostly independent of the measurement noise included
in the likelihood function.

Table 9.3. Signed error (Error), relative error (RE) and the uncertainty (£2c) obtained with the
conditional emissivity prior at key temperatures (7) for DP980 samples annealed at the following
dew points: —45°C, —30°C and —10°C.

DP980 annealed at various dew points

—45°C -30°C -10°C
Error RE 20 Error RE 20 Error RE 20
T (°C) (°C) (%) (°C) (°C) () (°C) (°C) (%) (°C)
400 8.6 2.1 8.2 28.9 7.2 7.1 21.1 53 6.7
500 12.1 2.4 12.4 17.7 3.5 13.1 14.2 2.8 12.5
600 13.2 2.2 15.7 5.2 0.9 154 12.4 2.1 15.9
700 18.9 2.7 18.2 8.2 1.2 17.7 25.8 3.7 18.7
800 (60 s) 16.4 2.1 16.5 4.8 0.6 16.1 19.8 2.5 16.7
800 (75 s) 6.7 0.8 16.2 -7.1 0.9 15.7 21.5 2.7 16.6
800 (90 s) 5.7 0.7 16.1 -8.0 1.0 15.7 254 3.2 16.8

Broadly speaking, the robust performance of the conditional emissivity prior at other dew
point in Figure 9.11 and Table 9.3 suggests that the variance captured by the replicates in the prior
distribution is sufficient enough to compensate for changes in the emissivity induced by varying
annealing dew point. Conservatively, this result suggests that with sufficient replicates, a

conditional prior created with samples processed at a single deterministic dew point value should

be resilient to at least +10°C deviation in the annealing dew point.

9.4.4. Application to in situ measurements on other steel grades
To further investigate the limitations of the in situ conditional emissivity prior, the impact of
variable alloy composition is analyzed. Examining Figure 9.4 and Figure 9.6 suggests that the

variations in the replicates of the DP980 annealed at -30C, is similar to the variations in the
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radiative properties of DP780 and IF steel annealed at —45°C and —30°C, respectively, despite the
differences in steel grade and alloy composition. Therefore, the conditional emissivity prior
created from the DP980 replicates annealed at —30°C should be able to compensate for the
emissivity variations experienced by the DP780 and IF samples. Figure 9.12 shows the posterior
temperature distribution obtained by applying the conditional prior to the in situ spectral irradiance
measurements on DP780 annealed at —45°C. The estimates on the DP780 and IF steel samples are
juxtaposed with the baselines results on the DP980 annealed at —30°C (Sample #1). As expected,
the credibility intervals capture the thermocouple temperature for both the DP780 and IF materials.
Table 9.4, which summarizes the error and uncertainties at key temperature, shows that the
performance of the conditional prior on the IF mild steel annealed at —30°C is similar to the
baseline performance on the DP980 sample also annealed at —30°C. Correspondingly, the MAP
estimates and associated uncertainties for the DP780 annealed at —45°C, is also similar to the

results obtained for the DP980 sample annealed at —45°C in Figure 9.11 and Table 9.3.
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Figure 9.12. Posterior densities estimated with conditional emissivity prior for AHSS and mild
steel grades annealed at various dew points: (a) DP780 annealed at —45°C; (b) DP980 annealed
at —30°C; and (c) IF steel annealed at —30°C. The solid lines indicate the posterior distribution
mean and the 95% credibility intervals (shaded area) are equivalent to two standard deviations of
the mean. The black dashed lines represent the in situ thermocouple measurements.

In general, the accuracy of the pyrometric estimates and uncertainties for the other steel
grades show that the conditional prior can provide reliable estimates on steel grades with similar
composition if the expected in situ emissivity variations falls within the variability information

content encoded within the prior distribution.
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Table 9.4. Signed error (Error), relative error (RE) and the uncertainty (+20) obtained with the
conditional emissivity prior at key temperatures (7) for AHSS and mild steel grades annealed at
various dew points: DP780 annealed at —45°C, DP980 annealed at —30°C, and IF mild steel
annealed at —30°C.

DP780 at —45°C DP980 at —30°C IF at —-30°C
Error RE 20 Error RE +20 Error RE 20
T (°C) (°C) (%) (°C) (°C) () (°C) (°C) (%) (°C)
400 4.7 1.2 8.1 28.9 7.2 7.1 19.1 4.8 6.5
500 17.0 34 13.1 17.7 3.5 13.1 6.2 1.2 12.3
600 11.3 1.9 15.7 5.2 0.9 154 -5.0 0.8 15.0
700 17.1 2.5 18.0 8.2 1.2 17.7 -4.7 0.7 17.2
800 (60 s) 14.1 1.8 16.5 4.8 0.6 16.1 -2.9 0.4 15.8
800 (75 s) 4.8 0.6 16.0 -7.1 0.9 15.7 -13.1 1.6 15.5
800 (90 s) 4.2 0.5 16.0 -8.0 1.0 15.7 -15.4 1.9 15.5

9.5. Conclusions
To ensure the optimal mechanical properties of the AHSS during intercritical annealing, steel
manufacturers require accurate pyrometric predictions with reliable uncertainty estimates. This
work presents a multivariate emissivity prior wherein the spectral emissivity prior distribution
depends on two variables: annealing atmosphere dew point (74p), and the equivalent blackbody
temperature (Tve) during annealing. As required in the Bayesian context, 7dp and Tbe are initially
treated as stochastic variables, allowing the general hierarchical expression for the emissivity prior
to account for the uncertainties in 74p and Tbe through marginalization. Next, the hierarchical prior
is simplified into a conditional prior by assuming that the values of 74 and Tbe are deterministically
known. This approximation eliminates the need to marginalize over these variables as their
uncertainties are no longer explicitly accounted for, which results in a more straightforward
conditional representation of the spectral emissivity information. While the uncertainties in Tqp
and Tre are no longer marginalized explicitly, their covariate dependencies are still included in the
conditional emissivity distribution.

The conditional emissivity prior was implemented using in situ spectral emissivity
measurements from DP980 replicates with nearly-identical pre-annealed surface state and
processed at a single dew point level, T4p.i=1 = —30°C. The in situ spectral emissivity measurements

from these replicates was also used to create a general in situ prior, that represents the general
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wavelength-dependent variation in emissivity without discretizing by 7Tve. Both versions of the in
situ prior and an ex situ-based emissivity prior were then tested on another DP980 sample annealed
at —30°C. A comparison of the pyrometrically-inferred temperature posteriors showed that the
conditional in situ prior provided the most accurate estimate of the thermocouple measurement for
both the heating and soak period of the annealing cycle. While the credibility interval from all
three priors contained the thermocouple measurements, the posterior distribution obtained with
conditional prior had the narrowest 95% credibility interval, significantly reducing the uncertainty
associated with the pyrometrically-inferred temperature. This shows that conditioning the
imperfectly known emissivity on the dew point and the equivalent black body temperature creates
a robust stochastic model that effectively represents the dynamic variations in radiative properties
with low levels of uncertainty.

Given that the assumption of a deterministic dew point value does not truly represent the
industrial condition on the CGL, the analysis considered the impact of variability in annealing dew
point on the predictions obtained with the conditional emissivity prior. The condition emissivity
prior was applied to in situ spectral irradiance measurements on D980 samples annealed at —45°C
and —10°C. The posterior temperature estimates at —45°C contained the thermocouple estimates
for both the heating and soak period while the posterior estimates —10°C only contained the
thermocouple estimates for just the heating section of the annealing cycle. Based on these results,
it was estimated that the conditional prior defined at a single nominal dew point level, 74p.;, would
be robust to at least £+10°C deviation in the annealing dew point. Furthermore, the conditional
emissivity prior was able to provide satisfactory MAP estimates and uncertainty bounds when
evaluated on DP780 and IF steel annealed at —45°C and —30°C dew points, respectively. This
indicates that with sufficient replicates, the information content of the conditional emissivity prior
is also robust to slight variations in alloy composition and pre-annealed surface topography.

This chapter also demonstrated the use of in sifu spectral emissivity measurements as a
diagnostics technique for monitoring the evolving surface oxides during intercritical annealing of
AHSS. Comparing the two DP980 samples, Sample #1 and #2, annealed at dew points of —30°C
and —45°C, respectively, the sample annealed at the lowest po2 (Sample #2, —45°C) had a slightly
higher spectral emissivity, which suggest a more prominent external MnO oxide layer compared

to the samples annealed at —30°C (Sample #1). Furthermore, the peaks in the varying emissivity
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detected around 700°C for the AHSS alloys, which was absent for the IF steel, suggests the
formation of mixed or ternary oxides. Similarly, despite processing the replicates for Sample #1
under identical annealing conditions at the same dew point of —30°C, their spectral emissivity
varied differently with the annealing temperature and time, demonstrating the impact of oxidation
kinetics on the surface oxide formation process. Finally, the DP980 and DP780 samples, both
annealed at —45°C, exhibited relatively identical in situ spectral emissivity variations despite the
distinct differences in their pre-annealed surface state, which suggests that the effect of the
evolving oxide layer dominates over the pre-annealed topographical features at the pyrometry
wavelengths considered in this study.

In terms of future improvements to the conditional emissivity prior, subsequent work will
define unique bin boundaries for the equivalent blackbody temperature at each detection
wavelengths. Furthermore, non-stationary estimation techniques, such as the Kalman filter or the
particle filter, can be applied to capture the non-linear and time-varying changes in the radiative
properties that impact the pyrometric temperature during annealing, thus improving the accuracy

and reliability of the uncertainty estimates.
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Chapter 10
Conclusions and future work

Pyrometry errors associated with imperfectly known emissivity cause temperature variations
during AHSS processing, resulting in rejection rates as high as 30% [3]. The steel industry could
save over a quarter billion dollars annually with more accurate temperature measurement
instruments [69]. By investigating the behaviour of the spectral emissivity of AHSS during
processing, specifically how it evolves with material properties and processing parameters, this
thesis provides empirical algorithms that models the spectral emissivity behaviour of dual-phase

AHSS alloys, and crucially, its associated uncertainties.

10.1. Key knowledge contributions

This thesis set out to develop a robust emissivity compensation algorithm to accurately infer the
surface temperature of AHSSs. Through a combination of experimental and statistical analysis of
the in situ and ex situ radiative properties of as-received and annealed AHSS, this thesis presents

the following innovations towards improving the pyrometry of AHSS.

10.1.1. Multivariate ex situ spectral emissivity model

A novel multivariable emissivity model was developed to address the challenges of existing
pyrometry methods by capturing the interdependent effects of critical variables on the spectral
emissivity of dual-phase (DP) AHSS alloys. The four variables included in the new model are
wavelength, alloy composition, annealing atmosphere, and pre-annealed surface roughness. Using
factorial design of experiments, emissivity measurements were carried out on two annealed DP980
alloys having different Si/Mn ratios that were either left in their as-received rough state or
mechanically polished before being processed under different dew points within a reducing
atmosphere. The results showed that significant main and interaction effects vary across the
wavelength range, with the ratio of alloy components and pre-annealed surface state dominating
at shorter and longer wavelengths, respectively. Also, the dew point of the annealing atmosphere
does not strongly affect the varying emissivity on its own, but its interaction effect with alloy

composition contributes significantly to this effect, especially for wavelengths critical to
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pyrometry. To account for this variation, the final model specifically includes terms that represent
the interaction effects of dew point and alloy composition. The model was applied to pyrometry

measurements from the annealing simulator and provided accurate temperature estimates.

10.1.2. Annealing simulator for in situ radiative measurements

Given the need to understand the variations in the radiative properties during intercritical
annealing, an important contribution of this work is the development of an annealing simulator in
order to provide in situ temperature, pyrometer and spectrometer measurements during intercritical
annealing of AHSS. The annealing simulator resistively heats the steel coupon with a
programmable DC power supply following a prescribed heating schedule. The dew point of the
reducing atmosphere during annealing is controlled through a system of mass-flow controllers and
hygrometers. The annealing simulator is designed to accommodate a variety of optical devices;
typically, the spectrally resolved emitted radiation from the annealing samples is recorded
simultaneously with OceanOptics NIRQuest512 spectrometer and Williamson PRO MWX-ST-17.
Chapter 4 and Appendix B cover the design iterations and modifications made to the measurement
chamber to improve experimental simulations of the intercritical annealing process. The final
design of the annealing simulator is a cylindrical vacuum chamber with feedthroughs for optical,
electrical and tubing access. All the atmosphere control manifolds, gas inlets/outlets,
thermocouple, bus bar and optical windows were redesigned to maintain the airtight seal required
when annealing AHSS. The vacuum-based design was important in addressing the oxygen
infiltration problem experienced with the earlier versions of the chamber. The effectiveness of the
vacuum-based chamber in simulating the intercritical annealing process was further validated in
Chapter 8 by comparing the ex situ radiative properties of samples processed using the vacuum-

based annealing simulator against samples annealed in a Iwatani-Surtec galvanizing simulator.

10.1.3. In situ spectral and temporal variation in radiative properties

This thesis also showed how the radiative properties of dual-phase AHSS evolve with temperature
time and wavelength under varying annealing atmosphere (dew point) conditions. Chapter 5,
Chapter 7 and Chapter 9 discussed several annealing experiments conducted at dew points of
—45°C, —30°C, —10°C, and +10°C, with the earlier version of the experiments at —30°C (Chapter

5) providing insight into the impact of oxygen infiltration on the high-temperature emissivity. All
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samples analyzed in situ were processed using the same annealing schedule, consisting of a 60 s
ramp to the peak annealing temperature of 800°C, followed by 30 s hold.

A key trend observed is that the spectral emissivity at high temperatures varies strongly
with the formation and dissolution of the oxide layer, especially at pyrometry wavelengths less
than 2um. This also ties in with the findings from applying the response surface methodology on
ex situ radiative properties in Chapter 3 where the two effects primarily influencing the oxide layer:
Si/Mn ratio (B), and dew point-Si/Mn ratio interaction (AB) were found to be dominant at shorter
wavelengths. Surface oxides dominate the radiative properties at shorter wavelengths, primarily
through thin-film interference for film-like oxide layer and increased scattering effects in the case
of oxide nodules. The wavelength-dependent variations in emissivity reinforces the importance of
carefully selecting the detection wavelength range when investigating the varying radiative
properties of AHSS alloys as wavelength strongly influences the manner in which the EM wave
interacts with the steel surface/substrate and oxide layer.

A comparison of the in situ spectral emissivity with the ex situ radiative properties of the
pre-annealed samples showed that the spectral emissivity at all dew points increases with
increasing temperature up to around 300°C to 400°C. Beyond this temperature, the emissivity
decreases with increasing temperature up until the PAT, with negligible change in the spectral
emissivity during the 30 second soak period. An analysis of the oxidation thermodynamics in
Chapter 8 indicates that the increase in emissivity with temperature below 400°C is due to the
formation of the stable iron oxides on the steel surface in addition to the formation of the selective
oxides of the alloying elements (i.e., MnO, SiO2, Al203, etc.). As the temperature increases above
400°C, however, the oxidation driving force switches, simultaneously favouring the reduction of
the native iron and the continued growth of selective oxides. For samples annealed at lower dew
point (< —30°C), it was observed that the spectral emissivity tends to approach their as-received
emissivity values as the temperature approaches the peak annealing temperatures of 800°C,
primarily because as the surface oxides become reduced with increasing temperature, the overall
oxide layer becomes thinner, causing the spectral emissivity of the composite metal-oxide to
approach the emissivity of the steel substrate.

In terms of the dew-point dependent variations in the in situ spectral emissivity, Chapter 7

showed that the spectral emissivity increases with increasing water vapour content above —30°C
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(i.e., at =10°C and +10°C). The increase in low-temperature oxidation with increasing dew point
explains the corresponding rise in spectral emissivity at the higher dew points. However, compared
to —10°C and +10°C, the driving force for the reduction of the low-temperature oxides is highest
at —30°C and —45°C which is why the spectral emissivity of the samples processed at —30°C or
lower readily get reduced towards the pre-annealed radiative properties of the steel at higher
annealing temperature.

Focusing on the DP980 samples annealed at the lower dew points (i.e., —30°C and —45°C),
Chapter 9 showed that no significant difference was observed in their spectral emissivity values,
especially compared to the differences observed between the samples annealed at —30°C and
—10°C. However, the sample annealed at —45°C showed slightly higher spectral emissivity than
the —30°C sample, which was attributed to the increasing outward flux of Mn relative to the inward
flux of oxygen at the lower pO2 of the annealing atmosphere. Moreover, from DP980 replicates
with identical pre-annealed surfaces annealed at —30°C, it was observed that variations in oxidation
kinetics of the surface oxides formed during annealing can produce differences in the evolving
spectral emissivity observed in situ. Also, comparing two dual-phase alloys (DP980 and D780)
alloys annealed at —45°C with similar Si/Mn ratios but very different pre-annealed surface
topography showed nearly identical spectral emissivity values at high temperatures which suggests
that relative to the pre-annealed roughness parameters, the radiative properties observed in situ are
predominantly influenced by the oxide layer formed during annealing. Furthermore, Chapter 9
compared the radiative properties of these dual-phase AHSS alloys against a standard EDDS grade
IF steel with minimal alloy content and the results showed that for alloy-rich metals like AHSS,
variations in the evolving spectral emissivity iz situ can potential used to identify the formation of
ternary selective oxides during annealing.

Comparing the variations in radiative properties observed ex sifu versus in situ, the results
presented in Chapter 8 also showed that ex sifu measurements on rapidly quenched samples do not
represent the temperature-dependent changes in spectral emissivity observed in situ, primarily
because ex sifu measurements are unable to arrest the temperature-dependent changes in the optical
properties of the oxide layer and steel substrate that are only present at high temperatures.
However, ex situ measurements capture the temperature-induced changes in the oxide layer and

topographical features that remain on the steel surface after quenching. This difference in ex situ
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and in situ radiative properties has significant implications when developing empirical emissivity
compensation algorithms, as using ex sifu emissivity measurements was shown to produce absolute
error in pyrometry estimates as high as £67°C, due to the inability of ex situ measurements to

capture temperature-dependent variations.

10.1.4. Accuracy of existing emissivity compensation algorithms for AHSS

Using in situ measurements from the annealing simulator, this thesis examined the suitability of
existing pyrometry models for accurately predicting the surface temperature of AHSS. By
comparing the performance of several dual-wavelength (ratio) and multi-wavelength (MW)
pyrometry algorithms, Chapter 5 showed that both methods tend overpredict the surface
temperature with maximum absolute error at the peak annealing temperature (PAT) ranging from
6°C to 42°C depending on the algorithm; however, the predictions for the multi-wavelength
algorithms generally provided more accurate emissivity and temperature estimates for annealing
AHSS. These algorithms were least accurate at lower temperatures since they incorrectly
attributing the high emissivity values to an increase the temperature. Furthermore, the performance
of the MW algorithms varies significantly with material and process parameters as demonstrated
in Chapter 7 by comparing the accuracy of the pyrometrically-inferred temperature at various
annealing dew point. Overall, the results show that the accuracy of a pyrometry model strongly
depends on how well the underlying emissivity function captures the spectral changes produced

as the surface state evolves with various material and process parameters during annealing.

10.1.5. Bayesian pyrometry model for uncertainty estimation

With the understanding that all pyrometry models approximate an imperfectly known spectral
emissivity, an important focus area for this research was quantifying the uncertainties associated
with the pyrometrically-inferred temperature using the Bayesian framework. To the best of the
author’s knowledge, the work detailed in Chapter 6 is the first attempt at applying the Bayesian
framework as an uncertainty estimation technique to quantify the expected measurement error in
the pyrometrically-inferred temperatures due to uncertainties introduced by the imperfectly known
spectral emissivity, measurement noise, and other nuisance parameters. Typically, existing
pyrometry algorithms provide a point estimate of the surface temperature, making it impossible to

assess the reliability of the estimates.
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In the Bayesian context, all pyrometry variables (measurements, calibration coefficients,
spectral emissivity, and inferred temperature) were expressed as random variables that obey
probability density functions. Developing the Bayesian pyrometry model involved defining a
stochastic emissivity prior, the pyrometer calibration prior, measurement noise model, and error
propagation analysis to account for uncertainties introduced by the instruments and experimental
procedure. In terms of the emissivity prior, ex situ measurements from as-received and annealed
DP980 samples were used to construct a Gaussian prior that reflected the state of knowledge of
the varying spectral emissivity. The prior and measurement densities were then propagated through
Bayes’ equation to obtain the temperature posterior density, i.e., the pyrometrically-inferred
temperature (MAP estimate) and, its associated uncertainties (credibility interval).

The Bayesian pyrometry model was first tested with in situ pyrometry signals from a
DP980 sample annealed at a dew point of —40°C but with oxygen infiltration. Comparing the
posterior estimates to deterministic predictions from a parametric MW function developed using
data included in the emissivity prior showed that while both the MAP and MW overpredict the
steel temperature, the MAP estimates are closer to the in situ thermocouple values especially for
the hold/soak period where the steel surface is visibly free of the thick oxide layer caused by the
oxygen infiltration. More importantly, the credibility interval provided by the temperature
posterior for the hold/soak period contained the in situ thermocouple distribution.

To further prove the efficacy of the Bayesian pyrometry model, Chapter 7 tested the same
ex situ-based emissivity prior on DP980 samples annealed at three dew points (—30°C, —10°C and
+10°C) in the vacuum annealing chamber where the measurements are free of the impact of oxygen
infiltration. The Bayesian approach was able to successfully compensate for the varying emissivity
by providing a temperature posterior that captured the thermocouple temperature above 600°C
across all the dew points. The temperature posteriors were then compared against deterministic
estimates from existing MW emissivity models from literature. It was found that the accuracy of
the deterministic models varied significantly with temperature and dewpoint, while the
temperature uncertainty obtained with the stochastic emissivity prior was comparable to the
absolute error of its MAP estimate for most temperatures, irrespective of dew point. This result
emphasizes the advantage of stochastic emissivity models over deterministic models in providing

robust temperature estimates for large variations in emissivity during intercritical annealing.
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Chapter 9 focused on refining the accuracy and precision on the temperature posterior by
defining a conditional spectral emissivity prior that improves the information content of the
stochastic prior without sacrificing its ability to compensate for wide range of emissivity values
induced by changing annealing parameters. Improving the uncertainty estimate was important
because the credibility interval obtained with the ex-sifu-based prior ranged from £15°C to +31°C,
which does not satisfy the strict temperature control window of £2 to +4°C required by the steel
industry for AHSS processing. The conditional prior uses in situ measurement to define a Gaussian
prior where the mean and variance varies with the annealing dew point and the equivalent
blackbody temperature at each time step. To illustrate this, DP980 replicates annealed at —30°C
were used to construct a set of conditional priors where the equivalent blackbody temperature was
categorized into 6 bins, with the bin number treated as a deterministic variable. These priors were
then used to infer the pyrometric temperature on DP980, DP780 and IF steel annealed at —30°C
and —45°C, since the emissivity does not vary significantly with varying oxygen partial pressure
at the lower dew points. Compared to the ex situ-based prior and a general in situ-based prior, the
conditional prior produced temperature posteriors that contained the thermocouple measurements
at all temperatures (400°C — 800°C), with the credibility interval ranged reduced down to £7°C to
+20°C. Despite the fact that the conditional prior was created with samples annealed only at —30°C,
the MAP estimates obtained with the conditional prior were very close to the nominal
thermocouple values with maximum absolute error being +29°C across various dew points
(—45°C, =30°C and —10°C) and alloys (DP980, DP780, and IF steel), a drastic reduction from the
maximum absolute error of £67°C obtained with the ex situ-based prior on DP980 (—30°C, —10°C
and +10°C) in Chapter 7. More specifically, the conditional prior performed best on the DP980
sample annealed at —30°C, producing errors ranging from +5°C to +£8°C for temperatures of 600°C
and above. The performance of the conditional prior proves promising for providing accurate
pyrometric temperature posterior that meet the desired temperature control window for AHSS
processing, with the added advantage of reliable uncertainty estimates.

Overall, the Bayesian pyrometry approach highlights the benefits of estimating a posterior
distribution instead of a point estimate since the former provides a measure of uncertainty that can
be compared directly with predefined temperature tolerances for the mechanical properties of

AHSS during intercritical annealing.
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10.2. Ongoing and future work

While this thesis has provided insights into the evolving radiative properties of dual phase AHSS
alloys during intercritical annealing, there are still many challenges involved with developing a
generalized emissivity model, that is independent or at least robust to the parameters that influence
the accuracy of pyrometry estimates on AHSS alloys. The following are a few key areas for further

investigation.

10.2.1. Expanding the spectral range of the in situ radiative measurements

The trend in the temperature-dependent variations of radiative properties of the DP AHSS alloys
and IF steel reported in this thesis are anomalous to the typical behaviour of metals, but can be
attributed to either or both of these reasons: (1) the pyrometry wavelength range (1.2 — 2.5 um)
considered in this thesis are below the “crossover wavelength” or “X-point” of the steel where
metals exhibit an inverse relationship between emissivity and temperature; and (2) low
temperature oxidation of iron and selective oxides produces an oxide layer that gets reduced at
higher temperature thus decreasing the emissivity. Having said that, further investigation is still
required to validate these reasons given that Ham et al. [77] reported that the global emissivity for
TRIP AHSS alloy and IF steel increased with increasing temperature when observed in the long-
infrared wavelength range of 8 — 12 um.

The simplest way to investigate the “X-point” phenomenon is to extend the spectral range
of the in situ emissivity measurements to include the visible, mid-infrared and long-infrared, which
can be achieved with an FTIR spectrometer. In addition to elucidating the specific crossover
wavelength of the AHSS alloy, extending the detection wavelength range will provide several
benefits for characterizing the material and chemical properties of the alloy during annealing. As
discussed by Lin et al. [74, 75], the visible (VIS) spectrum is particularly useful for observing the
thin-film interference effect of the oxide layer formed during annealing. The mid-infrared range,
on the other hand, is valuable for vibrational spectroscopic characterization due to its sensitivity
to the molecular vibrational signature of the oxide species. This means that in situ spectral
emissivity measurements in the VIS and MIR range can potentially be used to identify selective
oxide species and phase transformations in real-time, which would be beneficial for online control

of the intercritical annealing process in a CGL.
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10.2.2. Number of detection wavelengths for multiwavelength estimates

The primary motivation for multi-wavelength (MW) pyrometry over dual-wavelength (DW)
pyrometry is the potential to improve the accuracy of the temperature estimates due to the
increased information content of the measured emission with more detection wavelength.

In the context of the Bayesian pyrometry model, using the MW approach with three
wavelengths (1.6 um, 2.1 pm, and 2.4 pm) reduces the width of the posterior distribution relative
to the DW estimate with two wavelengths (2.1 um, and 2.4 um). Figure 10.1 illustrates the
difference between the posterior obtained with a DW approach versus a MW approach for a DP980
samples annealed at —30°C and —45°C. The spectral emissivity prior used in this case is a weakly
informative prior constructed from ex sifu measurements on as-received DP780 samples extracted
from various locations along a coil [4].
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Figure 10.1. Multi-wavelength (MW) and dual-wavelength (DW) temperature posterior for a
DP980 alloy (Si/Mn = 0.04) annealed at —30°C and —45°C showing the MAP estimates (solid
lines); thermocouple temperature measurements (dashed lines) and error bounds corresponding
to 95% credibility intervals (shaded region). Samples #1 and #2 are both —30°C replicates with
varying oxidation kinetics impacting their spectral emissivity values [164].
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Since increasing the detection wavelength from two to three improves the measurement
uncertainty, it is expected that using even more detection wavelengths would further improve the
temperature estimates. Using the spectrometer measurements, preliminary investigation of this
idea was carried out by combining Principal Component Analysis (PCA) approach with the
Bayesian pyrometry model to handle the highly correlated emissivity covariance problem
encountered with MW pyrometry estimate with more than 5 wavelengths. However, there was not
a significant decrease in the width of the posterior temperature distribution when the number of
detection wavelengths was increased from 3 to 15 within a spectral range of 1.2 um to 2.5um.
Figure 10.2 shows the effect of increasing the detection wavelength on posterior estimates at the
peak annealing temperature (PAT = 800°C) for the annealed DP980 sample presented in Chapter

5 and Chapter 6, using the ex situ emissivity prior introduced in Chapter 6.
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Figure 10.2. Effect of increasing the number of detection wavelengths (between 1.2 — 2.5 um)
on the MAP and credibility intervals at the peak annealing temperature (PAT = 800°C) for a
DP980 sample annealed at —30°C.

As expected, the choice of the specific wavelengths combined with increasing the overall
number of detection wavelengths impacts the accuracy and uncertainty of the posterior. Therefore,
the next step should be to conduct a sensitivity analysis to identify the optimal wavelengths and
combinations that will improve the pyrometric temperature estimates across a variety of material

properties and annealing processing parameters.
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10.2.3. Response surface modelling of the in situ radiative properties

Chapter 3 attempted to address the inadequacies of existing MW algorithms by using factorial
design of experiments to account for the interdependent effects of wavelength, alloy composition,
annealing atmosphere, and pre-annealed surface state on spectral emissivity. However, residual
analysis from the resulting linear spectral emissivity model suggests that certain second-order
effects influencing spectral emissivity variations were overlooked. Moreover, the model developed
in Chapter 3 was based on ex situ spectral emissivity measurements which does not fully represent
the variations in radiative properties observed in situ.

The next step should be to develop higher-order emissivity models based on in situ
measurements using response surface methodologies, such as 3 factorial design, central composite
design (CCD), or the Box-Behnken design. This approach would enable a more precise
characterization of complex interactions and non-linear effects influencing the varying spectral
emissivity. Additionally, using in sifu measurements would allow the model to capture dew point-
and temperature-dependent variations in radiative properties due to oxidation effects and changing
optical properties at high temperatures. The dew point levels used for the in sifu measurements in
Chapter 7 were purposely chosen to be uniformly spaced so as to ensure orthogonality and

rotatability when developing higher order models using the response surface methodology.

10.2.4. Stochastic prior design for improved temperature posterior estimate
This thesis has demonstrated the advantages of expressing the imperfectly known spectral
emissivity as a stochastic variable that obeys a prior distribution, rather than a deterministic
variable with a single value. A natural extension of this work would be to refine the design of the
spectral emissivity prior to reduce the posterior uncertainty to give accurate estimates that meet
the strict temperature excursions standards required for the mechanical properties of AHSS.
Chapter 9 introduced the concept of hyperpriors which can be fully implemented by emissivity
priors with the mean and variances as hyperparameters that vary with material and process
parameters. For the 2-step discretization system introduced for the conditional emissivity prior in
Chapter 9, future work should consider defining unique bin boundaries at each detection
wavelength, to further improve the accuracy and uncertainty estimates.

Future work should also consider defining priors on the coefficients of a multivariate

emissivity model, introducing a stochastic component into the model structure. This approach

Suleiman, 2025 161 Chapter 10



would incorporate the underlying relationship between spectral emissivity, material properties and
process parameters, while accounting for the inherent uncertainty in the evolving emissivity.

In addition to defining emissivity priors that are conditionally dependent on other key
process parameters, steelmakers may consider using different conditional stochastic priors for the
heating and soaking sections of the CGL. Defining Gaussian priors where the mean and variance
vary with the processing conditions within the various sections of the annealing furnace will offer
the required balance of robust temperature estimates for optimum control during the heating period
and a precise estimate of the peak annealing estimate during soaking.

Another extension of the Bayesian pyrometry model worth considering is the use of non-
stationary estimation techniques (e.g., the Kalman Filter) to account for how uncertainties in the
temperature estimates evolve with time over the annealing cycle. This is particularly important
because the final mechanical properties of the AHSS alloy are both temperature- and time-
dependent, with the temperature and material properties at one time step impacting the temperature
and mechanical properties at subsequent time steps. Incorporating a non-stationary Bayesian
approach will produce a more realistic estimate of the uncertainties impacting the evolution of the

mechanical properties during annealing.

10.2.5. Online pyrometry experiment on a CGL

Referring to the general pyrometry equations, specifically Eq. (2.3), it is evident that the lab-scale
annealing simulator simplifies a lot of the factors that influence the actual intensity incident on the
pyrometer detector. Compared to the stable experimental conditions in the lab, the annealing
process on the CGL is prone to other factors that influence the radiative properties of the alloy,
e.g., varying pre-annealed conditions, fluctuating dew points, temperature gradients within the
furnace, etc. Furthermore, the interdependent effects of these factors can produce oxidation
kinetics that impact radiative properties differently compared to the laboratory observations used
in developing the emissivity models. While the Bayesian pyrometry model helps address this to
an extent by accounting for measurement and other sources of uncertainties, to ensure the accuracy
and reliability of pyrometry estimates obtained when the models developed in this thesis are
eventually deployed on the continuous galvanizing lines, real-time calibration and validation in on

AHSS processed in a CGL is still required.
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10.3. Final remarks

The models and findings from this thesis provide tools for improving pyrometry temperature
estimates on AHSS, enabling steel manufacturers to make just-in-time changes to ensure that the
final AHSS strips have the desired mechanical properties. This thesis also aims to educate
steelmakers on how to effectively model the imperfectly known radiative properties of AHSS and
other custom steel grades by constructing appropriate emissivity priors for improved temperature
measurements.

The hope is that the knowledge from this thesis will contribute towards improving the
accuracy and uncertainty of pyrometry estimates on AHSS, which will ultimately lower rejection
rates, thus reducing manufacturing costs. Since the emissivity modelling principles discussed in
this thesis can be applied to any steel grade, this information can also be used to enhance pyrometry
models for the next generations of galvanized AHSS grades, consequently allowing automakers to
build vehicles with improved fuel-efficiency and superior crash performance. Equally important,
the resulting decrease in greenhouse gas emissions from improved AHSS grades will enable the

automotive industry to reduce airborne pollution, thus slowing climate change significantly.
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Appendix A
Thermodynamic analysis of the gas-metal oxidation
reaction

This appendix details thermodynamic calculations for the gas-metal oxidation/reduction diagram

inferring the likelihood of alloy elements forming selective oxides during intercritical annealing.

A.1. Oxygen partial pressure of the annealing atmosphere

The oxygen partial pressure (pO2) of the annealing atmosphere indicates oxidation potential of the
reducing atmosphere during intercritical annealing. It is inferred from the equilibrium of the water
vapor content in the atmosphere, which is conveniently monitored via dew point measurement.
Dew point provides an indirect measure of water vapour partial pressure, pH20, and thus pO2,
especially when the hydrogen partial pressure (pHz) is fixed [165].

The dew point is the temperature at which the atmosphere is saturated with water vapor,
such that cooling the gas below this point would cause the water vapor to condense into liquid
water. Therefore, at a given dew point temperature, 7dp, water vapor in the saturated atmosphere
is in equilibrium with liquid water, such that:

H,0, & H2O(g) (A.1)

U]
The Gibbs free energy change, AG1, for this equilibrium reaction under isobaric conditions
is given by:

AG, =AG +RT, InK, =0 (A.2)

where AG/is the standard Gibbs free energy of formation, R is the universal gas constant (8.3145

J/K‘mol) and K1 is the equilibrium constant. The equilibrium constant for any reaction is a

dimensionless value defined by the thermodynamic activities of the reactants and products.

. PH,0
K, = H:0¢ _ 1atm = pH,0 (A.3)
4,0, 1
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The thermodynamic activity, a, describes the effective concentration of a chemical
substance relative to a reference ideal state [ 166]. The phase of the chemical substance determines
the corresponding reference state. The activity for an ideal gaseous substance is obtained by using
a reference state of 1 atm partial pressure, while the activity of the individual element in an ideal
solid solution (alloy) is described by its atomic or mole fraction. Pure condensed phases (i.e., pure
solids and pure liquids) have an activity of 1. In the case of the dew point controlled annealing
atmosphere, H2O(g) is assumed to be an ideal gas and the condensed water vapor, H2O() is assumed

to be a pure liquid.
The standard Gibbs free energy of formation, AG/in Eq. (A.2) can also be expressed in

terms of the difference in the free standard energies of the product and reactants such that

AG! =AG), -AG!, (A.4)

where AG,, and AG, is the standard free energy of formation for H20) and H20q)

respectively, at the dew point temperature. Substituting Egs. (A.4) and (A.3) into Eq. (A.2), and
rearranging the variables to give the water vapor partial pressure in terms of the dew point
temperature:

AG?, ~AG? } (AS)

H,O=exp| -

An approximate value for the water vapor partial pressure can also be obtained using the Huin
model [167]. Since the hydrogen content of the annealing atmosphere is fixed for any given process
temperature, Tpr, the oxygen partial pressure can be inferred from the water vapor partial pressure

and hydrogen partial pressure at the dissociation equilibrium of H2O(g):

2(g)

1
Hayt5 0y 2 H0, (A.6)

and the Gibbs free energy change, AG, at equilibrium for Eq. (A.6) is given by

AG,=AG; +RT, InK, =0 A7)
pH,0
i 0, — 10
K2 _ H 0(9l — 1 atm ; — pn, . (AS)
aH2<g) % aéz(g) pI_12><|:pO2:|2 sz [p 02]2
latm |1 atm
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where AG, is the standard Gibbs free energy of formation for water vapour (H2O(), Tpr is the

temperature of the reaction in Kelvin and K2 is the equilibrium constant. The equilibrium constant
is a dimensionless constant defined in terms of the thermodynamic activity of the chemical
substances or species that make up the product and reactant. The gases are assumed to be ideal;
therefore, their activities are defined with respect to a reference state of 1 atm partial pressure.

Combining Egs. (A.7) and (A.8) with Eq. (A.5), and rearranging for pO2 gives

- 2 r -2
( AGI‘;—AG]‘;J
cXp _7RT
H,O
i = Ac2 )| dApGO (A9
H,-exp| ——2 H,-exp| ——2
pn, p( RTIWJ pn, p( RTP,J

Equation (A.9) shows that the pO: of the annealing atmosphere is directly proportional to pH20
(and T4p) but inversely proportional to pHz. Therefore, in addition to decreasing the water vapor
content, the oxidation potential of the atmosphere can also be decreased by increasing the hydrogen
content. All experiments discussed in this thesis would carried out in annealing atmosphere with

the hydrogen content fixed at 5%, therefore Eq. (A.9) will only be evaluated for pH2 = 0.05.

A.2. Oxygen partial pressure of the metal oxides

For a given metal element, M, the thermodynamic stability of its stoichiometric oxide, MxOy, in

terms of the equilibrium oxygen partial pressure can be obtained from the reaction equation:
iM<s>+loz<g> = lMXOy@ (A.10)
y 2 y

Similar to Egs. (A.2) and (A.7) the equilibrium Gibbs free energy change at the temperature

(Tx) of the reaction in Eq. (A.10) is given by

AG,=AG;+RT,InK, =0 (A.11)
I 1
ayo, 1Y 1
K= CR Ty 1 (A.12)
a,{dxaéz(g} al\ix PO, p ay-[pO,]?
1 atm

where AG; is standard free energy of formation for 1/yMxOy, and K3 is the equilibrium

constant of the oxidation reaction. All the chemical species are assumed to be ideal; therefore, the
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activity of the ideal oxygen gas is written in terms of its partial pressure. The condensed oxide is
assumed to be a pure solid, hence the activity of unity. The thermodynamic activity of the
individual element in an ideal solid solution is described by its atomic or mole fraction, thus, the
activity, am, of element M is given by its atomic fraction in the alloy composition.

Combining Egs. (A.11) and (A.12), and rearranging for the oxygen partial pressure of the

oxide at the equilibrium gives

1

pO,=|— - (A.13)
at -exp| — AG,
" RT,

The oxidation potential diagram in Figure 2.6 and Figure 8.1 plots the oxygen partial
pressure of the atmosphere from Eq. (A.9) and the equilibrium oxygen partial pressure of the
oxides obtained with Eq. (A.13). Figure 2.6 assumes am= 1 for all elements, while Figure 8.1 uses
the true activity of the alloying elements based on their mole fraction in the DP980 alloy. The
thermodynamic data for the Gibbs free energy calculation is obtained from Refs. [74, 168]. The

standard Gibbs energy (AG;,, AG, AG,, and AGy) in J/mol as are calculated using:

AG=ATIn(T)+ BT +CT* + DT+ ET"* + Fx107T" +G (A.14)
with the coefficients 4 (J/mol K), B (J/mol K), C (J/mol K?), D (J/mol K1), E (J/mol K*®), F (J/mol

K?), and G (J/mol) for each compound listed in Table A.1. The values for AGy, and AGy,. are

evaluated at Tap, while AG;, and AG, are evaluated at Tpr.

Table A.1. Coefficients for the standard Gibbs energy of formation for each compound [74, 168].

Compound A B C D E F G

HxO (1) [-2304.0466|18256.7583| 1.4416257 |-8161063.5|-121879.48 | -3158.67 |245617.101

H>O (g) |14.5914916(-49.440744| -0.0053297 | -122643.5 |-76.542088 | 3.47762 |-236434.09

FeO (s) [-312.37974|2289.59246| 0.1296543 [35023345.211042.28461| 5.85664 |[-536965.33

Fe304 (s) | -819.5096 | 6020.9804 | 0.3753117 |62252807.2| 4169.1384 | 2.69232 |-1722055.5

MnO (s) | 1.3662852 |36.6929348| 0.00481023 [352614.968|1042.28461 |-3.9889179 |-395773.02

Cr203 (s) | 297.7993 | -2306.32 -0.10063 4175977 | 23712.64 | 119.406 | -1292002

ADLOs3 (s) | -11.4987 | 441.7964 |-0.003572678| 14.34315 | -677.741 2.03343 | -1700491

Si02 (s) |8.21930022{79.2570095| -0.0009297 |1322689.18|2084.56922(-1.1798608 | -932891.64
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Appendix B
Vacuum chamber design and implementation

Table B.1 summarizes the key functional, constraint, and non-functional requirements defined for
the vacuum chamber design. The functional requirements define the main functions of the design,
i.e., the distinct and non-negotiable characteristics of the chamber. The constraint requirements are
the limitations that constrain the design space while the non-functional requirements are the
qualities that are required for the quality operation of the chamber. Although most of the
requirements, except for the leak-proof vacuum constraint, are consistent across Chambers 1 and

2, the approach to their implementation significantly differs.

Table B.1. Functional, constraint and non-functional requirement for the vacuum chamber.

Functional requirement Constraint requirement Non-functional requirement
e Controlled heating of e Leak proof vacuum e Compatible with in situ
samples e CSA standards FTIR measurement
e Controlled annealing compliance e Reliability; can be operated
atmosphere e Affordability repeatedly for experiments
e Optical access for e Ease of upgrade and
emission measurement modification

e Ergonomics; easy to use
and manoeuvre
e FEasy to clean and maintain

B.1. Modular flange design

One issue identified with the box design of Chamber 1 is the potential for stagnation in the corners.
Therefore, the entire vacuum chamber is designed as a ConFlat (CF) full nipple (14" diameter,
10.5" length) to minimize stagnation in corners. The flanges on the chamber are non-rotatable on
both ends and several smaller CF half nipples for coupling instrumentations and gas lines are
welded onto the front and back blank flanges. All the flanges and blanks are made from 304
stainless steel. The size of the chamber is sufficient to satisfy the “small object in a large isothermal

enclosure” assumption, which ensures that the measured emission is coming solely from the AHSS
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sample with no reflection or interaction from the walls of the chamber. The CF flange design is
inherently modular for two key reasons. First, having a cylindrical chamber means that all
instrumentation will connect to the front or back flanges, which makes it easier to carry out major
modification without needing to redesign the entire chamber. Secondly, the need for vacuum
feedthroughs for all the instrumentation means that each device can be independently replaced or
upgraded. The design included mounting brackets to orient the chamber as well as a custom hinge
system to support the front flange. The custom hinge system converts the front flange into a door,
which: (1) eliminates the need to lift and align the >23 kg front flange each time; and (2) prevents
potential damage to the knife-edge and optical lens from moving the front flange around
constantly. The chamber cart was also redesigned to better accommodate the increased size and
weight of the vacuum chamber. The new cart resulted in a more compact annealing simulator
assembly, making it easier to maneuver the chamber despite its increased weight. The caster
wheels on the cart are also height-adjustable, which would be useful for aligning the chamber
viewports with optical systems like the FTIR spectrometer.

The next step was to select the gasket material; this decision is crucial, since it determines
the attainable vacuum pressure and total pump down time. Stainless steel CF flanges for high and
ultra-high vacuum applications are typically fitted with oxygen-free, high conductivity (OFHC)
copper gasket, which is compressed between the knife-edges to create an impermeable metal-to-
metal seal. Therefore, copper gaskets are used for all the CF flanges with the exception of the main
front door flange because copper gaskets are single-use seals, as the knife-edge deforms the copper
by cutting into it. Instead, a reusable Viton® gasket made from a fluorocarbon polymer is used to
create an elastomer seal on the front flange. Copper gaskets were selected all the other flanges
since these would be rarely, if ever, disassembled, while the Viton® gasket is necessary for the
front flange since the chamber door will be opened and closed frequently. Equally important, due
to the horizontal orientation of the chamber, some vacuum grease is used to hold the rubber gasket
in the place when sealing the front door before an experiment. Lastly, having to fasten and torque
down all 30 bolts on the 14" front flange before each experiment was burdensome, so bolts are
installed in six of these holes to seal the chamber. The six bolts were arranged in an equilateral
hexagonal pattern across the original circular bolt pattern, which ensures uniform seal on the

rubber gasket.
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B.2. Vacuum feedthroughs
Selecting appropriate CF flange feedthroughs and vacuum-compatible materials was crucial for
connecting all the necessary instruments and gas lines while ensuring the chamber could maintain
a vacuum. Commercially available gas and thermocouple feedthroughs were compatible with the
chamber requirements, but custom solutions had to be designed for optical and power connections.
In terms of the optical feedthroughs, typical viewports for vacuum chambers consist of a
quartz lens brazed to the metal flange to create a hermetical seal. However, quartz is not transparent
over the infrared measurement spectrum of interest. Instead, demountable viewports were
developed that use Viton O-rings to create an airtight seal between a glass/lens and a metal flange.
The demountable view ports had to be custom-made to accommodate lens that will give the desired
view diameter of the heated spot on the AHSS coupon. The calcium fluoride (CaFz) lens from
Chamber 1 was re-used for the pyrometer view port (2" view diameter on a 4.5" CF flange), while
a new sapphire (Al203) lens was obtained for the spectrometer view port (1.19” view diameter on
a 2.75" CF flange). The pyrometer view port is on the outside of the chamber while the
spectrometer view port is inside of the chamber. The mounting angle for the spectrometer-
collimating lens assembly was also increased from 25° to 35° to better fit both optical view ports
on the front of the chamber. The transmittances of the CaF2 and Al2O3 lens were measured with
the FTIR spectrometer before assembling them in their respective view ports. The average spectral
transmittance of the CaF2 and Al2Os3 viewports over the near-infrared wavelengths are 0.95 and
0.86, respectively. While the demountable view ports allow for easier cleaning/replacement of the
lens in the case of surface contaminations that affects the transmittance and efficacy of the lens; it
is expected that the lens will remain relatively clean (with fairly constant transmittance) over time
because the annealing process does not produce deposits that would coat the chamber surfaces.
The O-ring seal design from the upgraded Chamber 1 was reused for the electrical busbar
feedthrough because the commercially available electrical feedthroughs were not suitable for the
intended application. However, the feedthrough and inserts were modified to fit with the other
components on the back flange. The number, location and sizes of the O-rings were also modified
to improve the quality of the vacuum seal. After assembly, snap rings (external retaining rings)
were added to both sides of the copper inserts to keep them from falling into the chamber under

vacuum or pulling out at positive pressures when the chamber is back filled with the reducing gas.
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B.3. Atmosphere control

Although the atmosphere control system was installed and operational in the upgraded version of
Chamber 1, it was never used for experiments because the chamber-processed samples had a
visible oxide layer with just the ultra-high purity, low dew point (<-40°C) reducing gas introduced
directly from the cylinder. After Chamber 2 was built, it was discovered that the existing
humidification system (i.e., water and mixing chambers) were not compatible with a vacuum-
based design. To address this, the humidification chambers were redesigned as full nipple flanges
that seal with high vacuum O-rings. Figure B.1 shows the image of the new humidification system
in comparison to the version created for Chamber 1. The new flanges for the humidification system
are similar in size to the old versions so the apparatus could fit on the chamber cart. Due to their
size, these flanges were custom-made, and they are more similar to ISO-F flanges than CF flanges
because custom machining cost for CF knife-edge grooves are expensive. A K-type thermocouple
probe was added to the water chamber for potential high dew point experiments that would require
heating the water with the use of a flexible wrap-around heater; however, this was not needed for

any of the experiments described in this thesis.

(@) Chamber 1 (b) Chamber 2

Figure B.1. Imagés of the wet and mixing chamber dsigned for the humidification system in
(a) Chamber 1 and (b) Chamber 2.
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Next, the gas cylinders and humidification system are connected to the main vacuum
chamber according to the piping and instrumentation diagram (P&ID) in Figure B.2. First, in
addition to the check valve at the inlet of the wet humidification chamber, a unidirectional
Swagelok® QC4 quick connect fitting with double-end shutoff is installed for easy disconnection
of the wet flow during extremely low dew point experiments. The quick connect only allows flow
in one direction which further prevents backflow of water into the MFCs and gas lines. Chamber
1 used a check valve for this purpose, but it became susceptible to back flow of water over time.
Further, several ball valves were installed across the new vacuum-based system to prevent water
from inadvertently getting into the chamber, MFCs, and gas lines, especially when the vacuum
pump is operating. Similarly, the N2 and N2-H2 gas lines have ball valves installed on both the
regulator and chamber ends of the line to minimize trace infiltration from the regulator and PTFE
tubing, especially since the pressure regulators on the cylinders are not helium leak certified, high
purity regulators. The ball valves are operated in a sequence that ensures that the chamber,
regulator, and tubing always have gas flowing through them when they are not under vacuum. This
pressure differential ensures that any locations with imperfect seal is leaking out N2 or N2-Ha,

instead letting air into the chamber during experiments.

Quench Line @ @ Main Outlet
Purging Line | | Main Annealing @

Chamber
<
pod g Pump Outlet

Figure B.2. Piping and instrumentation diagram (P&ID) for the vacuum-based annealing
simulator (Chamber 2).

Suleiman, 2025 189 Appendix B



B.4. Quench system

The previous chamber was fitted with a solenoid valve to automatically quench the samples at the
end of the heating schedule. However, the imperfect seal on the solenoid valve was found to be a
source of oxygen infiltration in the vacuum chamber setup so this was substituted with a manual
quench system consisting of a Swagelok® ball valve and stainless-steel tubing. A helium gas
cylinder was initially connected to the quench line to achieve faster quench rates, but the samples
quenched with helium showed visible oxidation on the backside of the sample (where the nozzle
is pointed), due to O2 impurities in the He. Accordingly, ultra-high purity N2/H> gas was used to
quench the specimens instead of helium; however, it is important to note that the He-quenched
samples in the vacuum chamber had a visible oxide layer on their backsides, while samples
quenched with ultra-high purity N2/H2 gas in the previous chamber had visible layers on both sides.
Quenching with the ultra-high purity N2/H2 in the vacuum chamber does not produce visible
oxidation on either sides of the sample, as seen in Figure B.3, which compares the visible oxidation

on the samples quenched with helium against those quenched with the reducing gas.

(a) He quenched samples

Figure B.3. Comparing the anomalous visible oxide layer on (a) samples quenched in helium
against (b) samples quenched with ultra-high purity nitrogen-hydrogen mixture.
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