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Abstract

A growth model for the primary M;Cj carbides and an investigation of microstructural
features in chromium carbide weld overlays are presented. The overall goal of this work
is to increase the level of understanding concerning the development of microstructure,
enabling a scientific method of predicting carbide morphology, microstructural features,
and overlay properties. Existing knowledge of how various features in chromium car-
bide overlays stems from research developed concerning white and grey cast irons. The
knowledge from cast irons cannot be applied to overlays in a meaningful way due to the
rapid cooling associated with welding. Industrially, chromium carbide overlays are not
currently adaptable for different wear environments and often alloying is used to alter
carbide morphology to improve wear life, which carries a large cost. This work will in-
crease the level of understanding surrounding chromium carbide weld overlays, enabling
tailored microstructure based on a deeper level of understanding.

Several microstructural features of chromium carbide weld overlays have been in-
vestigated. Previous work is inconsistent in identifying the morphology of the primary
M-,Cs3 carbides and certain studies had identified two distinct microstructures for the
carbides: blades and rods. A 3D microstructural reconstruction completed showed that
the apparently distinct morphologies are in fact hexagonal prismatic carbide rods that
appear different based on varying sectioning planes. Large anomalous features in the mi-
crostructure of chromium carbide overlays were investigated for the first time. Through
microhardness testing, Auger electron spectroscopy, electron backscatter diffraction, and
energy dispersive x-ray spectroscopy the features were identified as unmelted powder
granules that survived the thermal cycle. Lower heat inputs were found to result in
higher volume fractions of the unmelted powder granules. The powder granules were

shown to be a distinct composition of the same orthorhombic M;C3 phase as the primary
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carbides. These powder granules serve as the main source of chromium and carbon nec-
essary for primary carbide solidification and although they have a high hardness, large
volume fraction of these unmelted granules will deplete the overlay of chromium and
carbon and lower the volume fraction of primary carbides significantly.

The diffusion-controlled longitudinal growth of the primary M;C3 needles was quan-
tified by direct observation for the first time and a growth model considering the carbide
tip as a mass point sink was generated. The developed model predicts an rapid initial
transient period followed by steady state growth. The transient portion of growth is as-
sumed to occur below the surface of the melt. The developed model was found to match
closely to in-situ observations performed on a high-temperature confocal scanning laser
microscope. Deviation from the proposed growth model coincides with the observation
of soft impingement from other carbides growing within the melt. The carbides locally
deplete the solute ahead of the advancing interface causing an abrupt arrest in growth.
The transverse growth of the carbides was found to be slow (two orders of magnitude
lower than the longitudinal growth) suggesting interface controlled growth and negligible
mass flux affecting the local solute concentration. The longitudinal growth was found
to be highly dependant on the carbide radius. A study was performed using a thermal-
control substrate to determine the effect of cooling rate on carbide size and showed that
carbide size decreases with increased cooling rates. Combining the knowledge of the effect
of cooling rate with the growth model enables understanding and prediction of carbide
morphology. Additionally, the growth model should be applicable to other carbides with
similar features.

The results of this work serve to bring a deeper understanding to chromium carbide
overlays. In particular, the development and affirmation of a growth model describing the
diffusion-controlled growth of faceted primary carbide needles enables a greater control

over the final microstructure and properties of the overlay.
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Chapter 1

Introduction

1.1 Introduction

The quality and lifetime of wear resistant products is a central issue faced by resource
extraction industries in Canada such as mining, oil sands extraction, and large equipment
manufacturing. Wear costs for these industries have been estimated at $2.5 billion per
year [1]. In intense wear environments without protective coatings, components will fail
and halt production. will inevitably fail prematurely and likely interrupt production
processes. In the northern Alberta oil sands industry, operational down time carries
an estimated cost of $3-6M/day [2]. With such an enormous financial consequence of
unplanned shut downs, significant measures must be taken to ensure critical component
service life.

Overlays for wear and corrosion protection are a cost effective alternative to man-
ufacturing large scale components entirely of these high performance materials. High
hardness materials are excellent in abrasive environments. Ceramic materials are often
preferable to metals in extremely aggressive abrasive conditions; however, ceramic par-
ticles tend to have poor fracture properties under impact loading and are difficult to
process into complex geometries [3]. Metal matrix composites, consisting of ceramic par-

ticles dispersed throughout a metal matrix, combine the ductility and process capabilities
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of metals with the wear performance of high hardness carbide particles.

Chromium carbide overlays (CCOs) have played a major role where component life-
time jeopardizes production reliability. CCOs represent a majority of the wear protection
overlays used in Alberta. Although other systems (Ni-WC) produce lower wear rates,
the cost associated with them often limits their application to specific applications and
not large surface protection. CCOs are typically deposited using high efficiency welding
processes such as submerged arc welding (SAW) [1] and flux-core arc welding (FCAW)
for their productivity. The desirable overlay microstructure comes from careful control
over the chemistry of the input powders to nucleate primary carbides upon solidification.

CCOs products are often employed on heavy equipment that is operating in erosive
environments. CCOs are employed on machine components, where the wear is directly
imparted from the abrasive sub-angular quartz sand and heavy minerals in the oil sand.
An example of CCO plates in service are those used for Caterpillar D11-R dozer blades,
where the plates are formed to the shape on the shovel and welded onto the blade face
to provide increased wear resistance (Figure 1.1). CCO plates are also commonly used
as liners for heavy hauler bodies, where wear comes not only from the ore being loading
directly in the truck bed, but also from direct impacts of the buckets of rope shovels on
the heavy hauler beds.

The basis for the CCO materials system is similar to that white cast irons, the largest
differences being the extreme cooling rate from welding as well as some compositional
variations. The CCO system is based in the Fe-Cr-C ternary system with minor alloying
elements added to affect the solidification of the overlay. These alloying elements are not a
main focus of research, but include: boron, manganese, molybdenum, nickel, phosphorus,
silicon, titanium, and vanadium [5]. The iron-rich portion of the liquidus projection for
the ternary system that is relevant to the compositions used to produce CCOs is shown

in Figure 1.2. The area of interest in this diagram is the eutectic boundary between the



1.1: Introduction 3

Figure 1.1: Caterpillar D11 heavy dozer in service [4].

austenite () phase and the M;C3 phase indicated by the “Region of Interest” in the
figure. The region of interest for the full range of CCO compositions can be considered
as 8-35% Cr and 2-9% C [6-9]. The single arrows along the lines shown in Figure 1.2
represent eutectic reactions, whereas the double arrows along lines represent peritectic
reactions.

From the composition region of interest in the liquidus projection, there are three
possible solidification paths: (1) hypoeutectic, (2) eutectic, and (3) hypereutectic. To the
left of the eutectic boundary is the hypoeutectic region. Here, primary austenite solidifies
first from the liquid. The remaining liquid cools following the example solidification
path 1 (shown in green) indicated in the figure. The result is a eutectic combination
of austenite and M;Cj carbide formed around the large islands of primary austenite

dendrites [11,12].
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Figure 1.2: Iron-rich portion of liquidus projection for Fe-Cr-C ternary system (modified
from [10]).

The eutectic composition gives solidification from the liquid directly on the eutectic
phase boundary to eutectic M;C3 and austenite. The size and distribution of the eutectic
microstructure is strongly dependent on the cooling rate and therefore the heat input from
welding [13]. With the cooling rates typical of welding, the peritectic reaction following
eutectic solidification is unlikely to occur, meaning that the appearance of M3C in the
solidified structure is highly unlikely [14]. Given the right alloying and slow enough

cooling rate, it is possible to reach the peritectic point [12]. The monovariant ternary

eutectic reaction predicted is:
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On the hypereutectic side of the eutectic boundary, primary M;C3 carbides solidify
first from the liquid, followed by the remaining liquid solidifying at the eutectic compo-
sition similarly to the hypoeutectic case. Solidification path 2 in Figure 1.2 (shown in
red) shows an example of the hypereutectic sequence. The primary carbides typically
solidify as a single crystal, while the eutectic carbides formed are multi-crystalline [15].
As with the purely eutectic composition, there is a possibility of the peritectic reaction
occurring, but it is unlikely [16]. The hypereutectic microstructure of CCOs is repre-

sented in Figure 1.3. The large hexagonal white particles are the primary carbides, with

the surrounding eutectic matrix.

Primary M7C3

Eutectic M;C,
Eutectic Austenite

f
L

o
B
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Figure 1.3: Typical CCO microstructure with hypereutectic composition [3].

The main constituents in these overlays that provide wear resistance are the primary
M-;C3 chromium carbides, where M is a combination of Cr and Fe which has a high
solubility in the M7;Cs phase [14]. The M;C; carbides have an orthorhombic (Pnma
or oP40) crystal structure [11,15,17-23] and a higher hardness than the surrounding
eutectic. [22] The hypoeutectic form of the CCOs is considered undesirable for wear

resistance applications, as no primary carbides are present following solidification. The
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focus of the thesis is therefore solely focused on the hypereutectic compositions from the
liquidus projection.
The relevant wear and matrix properties of the primary M;Cj3 carbides as compared

to other hard carbide phases that are used in coatings can be seen in Table 1.1.

Table 1.1: Properties of reinforcement carbides affecting wear resistance [24].

Carbide Hardness (HV) Density (kg/m’) Melting Point (°C)

B4C 3670 2500 2450
TiC 3000 4900 3100
W,C 3100 17200 2785
VC 2900 5700 2700
NbC 2000 7800 3600
WC 1630 5700 2870
Cr;C; 1630 6900 1755
Cr3Cy 1400 6700 1800
Fe;C 1020 7500 1252

The wear resistance of CCOs is directly tied to the available amount of primary
carbide surface area for a given cross section. Therefore to obtain better wear results,
the volume fraction of the primary carbides should be maximized. The key to achieving
good wear resistance for CCOs is to ensure that the inter-particle spacing is smaller than
the abrasive particles. The compromise of having a high volume fraction of primary
carbides, is that the ductility of the overlays is negatively affected.

A significant issue associated with CCOs is the microstructural variation through
the thickness or "banding” within the cross section of the overlay, which can be seen in
Figure 1.4. The banded microstructure means that once the wear resistant layer of the
overlay is lost to wear, the remaining portion will be susceptible to rapid wear and will
lead to decreased component lifetime. Due to the high heat inputs associated with the
application of CCOs, the amount of dilution (mixing of overlay material and base metal)

is high, up to 40-50% in the SAW process [5]. The high dilution of the carbon steel base
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plate, combined with rapid cooling rate of the weld, leads to a higher concentration of
wear resistant carbides at the top of the weld, where the balance of Cr to Fe remains
closer to the hypereutectic composition. CCO lifetime is very difficult to predict with
the presence of the banded microstructure and as such, requires early replacement which

greatly increases the cost.

Overlapping
" Bead

Carbide'<
Rich
Region

Diluted
Region

Depleted
Region

Figure 1.4: Example of banded microstructure present in CCOs.

Developing an in-depth understanding of the formation mechanisms of the microstruc-
ture is important. By determining how the relevant features form during solidification
based on fundamentals, more control (i.e. composition and cooling rate) can be applied
to increasing the fraction of wear resistant particles.

The research work completed aims to improve understanding of the microstructural
development of this class of hardfacing alloys and provide increased control to practi-
tioners. The approach to achieving these goals involves applying a fundamental under-

standing of solidification in combination with experimental trials to build the foundation
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of knowledge. The final result provides industrial CCO manufacturers with the tools to

implement a more scientific approach.

1.2 Objectives

The main objective of this research project is to provide a detailed understanding of
various phenomena present in CCOs and to suggest a growth mechanism for the primary
M;Cj3 carbides that will allow manufacturers a deeper understanding of the overlay mi-
crostructure, as a path to predicting microstructure of the welds. In order to achieve

these goals, the following objectives have been established:

Perform an analysis of the primary carbides that provides a definite answer to the

inconsistency regarding carbide morphology in literature.

Analyse the large anomalous features present in CCOs to determine their origin

and their effect on the microstructure and performance of the overlays.

Develop a model to describing the growth of the primary carbide needles and com-

pare the theory to the results of quantitative in-situ visualisation experiments.

Quantitatively evaluate the effect of cooling rate on the microstructure of CCOs.

These objectives are specifically geared towards improving the understanding of CCOs,

but can be extended in theory to other carbide needles and metal-matrix composites.

1.3 Thesis Outline

This thesis consists of 5 chapters (not including the introduction) focusing on achieving

the above objectives. An brief outline of each chapter is included below.
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e Chapter (2) presents a analysis of the primary M;C3 morphology. A 3D microstruc-
ture reconstruction was completed and analysed to show that the distinct carbide
morphologies described in literature are in reality one morphology at different sec-

tioning planes.

e Chapter (3) outlines a the investigation into the origin and effect of large anoma-

lous features observed in the microstructure of CCOs.

e Chapter (4) is the keystone publication of the thesis, which presents the model
describing the diffusion-controlled growth of the faceted primary carbide needles.

The growth model is then compared to in-situ observations of CCOs solidifying.

e Chapter (5) presents a study performed to quantitatively determine the effect of
cooling rate on the microstructure. The results, in conjunction with the growth
model proposed in Chapter (4), provide insight to understand and predict primary

carbide morphology and thereby overlay properties.

e Chapter (6) summarizes the major findings of the thesis and the main conclusions.
An accompanying future work section is included to discuss issues worthy of further

investigation and expanding upon the results of the thesis.



Chapter 2

3D Microstructure Reconstruction
of Chrome Carbide Weld Overlays

2.1 Introduction

Overlays for wear and corrosion protection are a cost effective alternative to manufactur-
ing large scale components entirely of these high performance materials. Chrome based
weld overlays have played a major role in oil-sands, mining, and processing applications,
particularly where component lifetime jeopardizes production reliability. CCOs are typ-
ically deposited using the high heat input weld processes such as submerged arc welding
(SAW) [1] to completely melt the overlay feed material and a small amount of the base
material. The desirable carbide structure comes from careful controlled chemistry to
nucleate primary carbides upon solidification.

CCOs are based on the Fe-Cr-C ternary system, with high mass fractions of chromium
and carbon in the weld overlay to form primary carbides. The common overall composi-
tion of CCOs falls in the hypereutectic range. The primary M,C3 carbides are the main
constituent providing wear resistance in CCOs and white irons. The M;C3 carbides pre-
cipitate first during solidification, with the eutectic combination of austenite and carbide

forming last [25]. These primary carbide particles have a higher hardness than the sur-

10
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rounding eutectic colonies and to obtain better wear results, the volume fraction of the
primary carbides relative to the surrounding matrix should be maximized. The morphol-
ogy and orientation of carbides also play an important role in wear resistance [26].
Literature on CCOs is inconsistent in identifying the structures seen under a micro-
scope. Two M,Cj5 carbide morphologies have been observed in CCOs [16,27-30] and are
illustrated in Figure 2.1. One of the morphologies consists of hexagonally shaped smaller
carbides, known as rods, and the other morphology consists of elongated carbide parti-
cles, referred to as blades. The continued use of the “rod” and “blade” labels has been a
source of confusion in the field. It has been hypothesised that these two morphologies are
really the same hexagonal rods which appear to be distinct due to the orientation of the
section being examined [31]. Conclusive evidence proving or disproving this hypothesis

has not existed until now.
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Figure 2.1: CCO microstructure from work done by Chang et al. illustrating the two types
of carbide particles [27].

Among the work in which rods and blades are considered different features are the
research by Chang et al. [27] and Liu et al. [28]. In work done by Chang et al. [27] car-
bides were classified into the two distinct morphologies, despite measuring comparable

compositions for both structures. They discussed that previous research showed a transi-
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tion from the formation of blade like to rod like carbides that was directly related to the
amount of carbon in the weld. It was hypothesised that increasing carbon content would
increase the fraction of aligned rods in the overlay. A relatively high carbon content of
5.21 wt% in the overlay increased the presence of rod-like carbides in the cross section,
which they theorized was due to an increase in the number of available nucleation sites
during solidification. With a lower carbon mass fraction of 3.61 wt%, they observed
fewer carbide particles overall which were more randomly oriented and a mix of blades
and rods. Again, this was attributed to fewer nucleation sites, which caused the carbide
growth direction to be more random. The conclusion drawn from the study was that
compositional effects on solidification behaviour governed the morphology and alignment
of the primary carbides divided into blade and rod types [27].

Liu et al. found that by applying an electromagnetic field to the molten pool during
solidification, they were able to align the carbides particles to obtain a sectioned mi-
crostructure that consisted entirely of rod like carbides [28]. Here the use of the rod and
blade titles for these carbides imply different carbide morphologies rather than the same.

On the other side of this debate there are several research groups that have discussed
the rods and blades as being the same features. Wang et al. showed that the blade-
like carbides were oriented in the vertical and transverse directions and that the rod-like
carbides existed along longitudinal direction [26]. Their findings suggested that the two
distinct carbide morphologies are the same feature, with an image dependent on the ori-
entation of the cut. In their work, the wear properties were far more favourable with the
rod like carbides oriented parallel to the direction of wear, so that the particles impacted
the rod faces and not the side of the rods. This result suggested that directionality had
a direct effect on wear performance [26].

Commercial literature [32] has suggested rods and blades are the same, as illustrated

in Figure 2.2. If the cut is perpendicular to the length of the carbides, the appearance
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is rod-like, but the closer the cut is to parallel along the length direction, the more the

carbide will appear to have a blade-like morphology.

Carbide Rod

Figure 2.2: An M,;(C5 carbide rod showing how the morphology of rods and blades can
originate from the cutting angle (adapted from Triten material. [32])

Despite the high likelihood of rods and blades being the same and the amount of
work where they were assumed to be the same, the misconception of considering two
different primary carbide morphologies has persisted. The conflicting views on carbide
morphology can be settled by generating a 3D reconstruction of the microstructure, which
was the focus of this paper. The following sections review the techniques available for
the 3D reconstruction and describes in detail the experimental approach taken and its

justification.

2.2 Production of Overlays

The overlays reconstructed in 3D were produced using the SAW process with a Power-
Wave Lincoln ACDC 1000 SD power supply. The sample used for the 3D image recon-
struction, was a 6.4 mm thick overlay on 6.4 mm thick substrate. The 3 mm x 7 mm

sample was removed from the overlay sample. The welding consumables utilized were



2.3: Serial Sectioning and 3D Reconstruction of Metallurgical Samples 14

low carbon steel Lincoln L-61 3.2 mm diameter welding wire, OK Flux 10.71 flux, and

proprietary CCO powder blend. The weld parameters are shown in Table 2.1.

Table 2.1: Parameters used for welding the 6.4 mm on 6.4 mm overlay reconstructed in 3D.

CTWD!  Voltage Travel Speed Oscillation Speed WFS? Powder:Wire
3L.75mm 33V 245 mm/min 3.175 m/min 1.63 m/min 1.75

2.3 Serial Sectioning and 3D Reconstruction of Met-
allurgical Samples

The technique chosen in this work was based on serial sectioning of the microstructure,
followed by computer reconstruction. Other techniques such as X-ray tomography [33]
were insufficient for the size of the analysis volume needed in the CCO material which
has a high opacity and a low contrast.

The serial sectioning of CCOs brings the challenge of removal of a hard material
specifically designed for wear protection. The high resistance to wear makes it unsuit-
able for equipment involving CNC milling operations [34-36]. Instead using a polishing
approach such as used for the characterization of SiC composites in an aluminium matrix
as in work done by Ganesh et al. [37] was more applicable.

Accounting for the depth of each sectioning step is a challenge. When implementing
a polishing approach, external measures, such as callipers or micrometers are unsuitable,
and it is necessary to use a fiduciary marking technique.

A common technique to fiduciary marking in serial sectioning is to use hardness

indentation [37]. In CCOs, with a typical hardness of 1500 HV and above, the depth of

IContact Tip to Workpiece Distance
2Wire Feed Speed
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a 50 kg indentation would be 63 pm or less, which is much shallower than the intended
300 pum necessary to capture the whole shape of carbides. In this research, the depth of
removal at each step was calibrated on the sample based on the time of polishing.

The procedure chosen for serial sectioning prior to 3D reconstruction was as follows:
mounting the specimen and three ball bearings in epoxy, repeated polishing and etching
stages, depth calibration to polishing time, and 2D image capture of each section using
optical microscopy. Figure 2.3 illustrates the mounted specimen surrounded by two 4.76
mm ball bearings and one 7.93 mm. The purpose of the ball bearings was to gain an
accurate method of determining the depth difference between sections. The CCO sample
measured 3 mm x 7 mm and was removed from the larger sample described in the

following section.

3/,¢” Ball Bearing

CCO Sample

*/1¢” Ball Bearing

5/,¢” Ball Bearing

Figure 2.3: CCO sample mounted in epoxy, surrounded by three ball bearings for depth
measurement between sections.

Etching was conducted after each polishing step to clearly define the carbide phase
from the austenitic phase. The etchant chosen coloured the carbide white and preferential
corroded the austenite phase, which maintained a grey colour, making phase identification
using computer software less complex and significantly more accurate. The etchant used
was a mixture consisting of 10 ml of hydrochloric acid, 20 ml of nitric acid, 5 g of iron

chloride powder, and 40 ml of water. Due to the powerful nature of the etchant, the
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etching time was short, approximately ten seconds.

The calibration to maintain constant depth increase between polishing steps is shown
in Figure 2.4 and was achieved through trigonometric evaluation of the ball bearings
mounted around the sample. Following each polishing step the ball bearings are worn
away to expose the circular cross section which can then be measured. The cross section
of the ball bearing is represented schematically in Figure 2.5. Equation (2.1) allows for

calculation of the depth, h, based on the measured a value and the constant radius, r.

h=0.5r(=2—+/4 — 4(a*r—2)) (2.1)

0.2650

0.2600 o

0.2550 +

0.2500 +

Depth, h (mm)

0.2450 o
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0.2350 T T T T T
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Time (min)
Figure 2.4: Plot of polishing time vs. resulting depth to determine appropriate procedure for
5 pm sectioning schedule.
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Figure 2.5: Representation of the cross section of the polished ball bearings.

The process of serial sectioning was carried out using a series of sixty images taken
after each polishing step of 143 seconds. The steps correspond to 5 um depth intervals,
which is half the average rod diameter of 10 pym. Polishing time between each depth
change was found based on the trend-line shown in Figure 2.4. The depth increase of 2.1
pm/min +1.4 gm/min is based on the slope of the trend-line. The error band of +1.4
pum/min on the slope relates to a 95% certainty level and a coefficient of determination,

R?, of 0.9573. The sixty images were then compiled using specifically coded software.

2.4 Computational Processing

The images were processed in several steps through the creation of a C++ program which
functions in the manner described below. Firstly the image is flattened into a grayscale
format, which is defined by a pixel range between 0 and 255 pixels. A sub- range of the
total grayscale pixel range is selected, and any pixels not falling within this sub-range

are then discarded from the image. A Gaussian blur operation [38] is then performed to
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accommodate issues encountered from deep scratches and blend these artifacts into the
image. The blurring operation does not cause noticeable distortion to the other features
in the image, or remove the cored microstructure present in the primary carbides. The
effect of Gaussian blurring can be seen by comparing Figure 2.6a to Figure 2.6b. Once the
image has undergone grayscale thresholding, two morphological operations are performed
to allow for removal of the eutectic matrix surrounding the primary M;C'3 carbides. The
first of these operations is known as “Opening” [39], which refers to a 3x3 paint kernel
being traced around each connected component in the image. The 3x3 paint kernel is
then subtracted and the same traced kernel is then added back to the image to minimize
the image degradation. The Opening operation breaks apart components in the image
connected by very few pixels and is repeatable as necessary. The resulting image from
the Opening operation is then broken apart through the second morphological operation
known as “Erosion” [39]. The Erosion operation involved using a 2x2 paint kernel to
ensure that all of the eutectic microstructure has sufficiently low size to be removable

using an area thresholding step, which discarded all components below a specified size.
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(c) Morphological Operations (d) Area Threshold and Coloring

Figure 2.6: Semi-automated image analysis procedure for 3D stacking visualization showing;:
a) the original image, b) grayscale thresholding and Gaussian blurring operations to eliminate
polishing artifacts, ¢) opening and erosion operations to break apart the eutectic structure, and
d) area thresholding operation and primary carbides colouring.

Once the eutectic matrix had been removed, the primary carbides were then indi-
vidually coloured with their own distinct colour to allow for tracking throughout all the

sections. To ensure proper tracking of each of the carbides particles through the depth
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of the volume, a simple method was developed. The tracking involved logging the loca-
tion of the centroids following the random colouring of the first image, then the program
would sort through the centroid locations from the previous image and determine the
carbides whose centroid had the closest proximity in the following image. The individual
primary carbides were then coloured the same as they had been in the previous image.
The tracking process assumed that there were never two carbides in the current image
equidistant to a centroid to avoid colouring them the same. The procedure was effective
in identifying and properly colouring the primary carbides. When two carbides began
to overlap, manual recolouring was needed to prevent them being considered as a single
component, which was rare. After the colouring processes, the images were then stacked
together in 3D. Since each carbide was individually coloured, it was easy to separate
individual carbides from the 3D section and observe changes throughout the depth of the

sample.

2.5 Results

Based on the serial sectioning images, a 3D volume was constructed showing the structure
of the carbide particles. The full dimensions of the volume reconstructed were 300 pm
deep and 600 pm by 600 pm along the square cross section. This volume with the colour

coded primary carbides is shown in Figure 2.7.
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300pm

Figure 2.7: Rendered 3D reconstruction of CCO volume element.

Figure 2.8 shows a top view of the 3D reconstruction in which the colour coding
was given a small amount of transparency for better visualization. From the image, the
primary carbides described as rods are oriented lengthwise in the depth direction of the
volume and do not vary in position throughout the sections. The other carbides that are

non-aligned in the depth direction of the volume are the “blades”.

Blades

Figure 2.8: Top view of 3D reconstruction indicating the rod (circled in white) and blade
appearance.

The morphology of blade-like carbides can be extrapolated by viewing the variation of

the carbides’ shape and position from one image to the next. The apparent differences in
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between the rods and blades are illustrated in the micrographs shown in Figure 2.9, which
represents a series of six section taken successively with 5 pm depth spacings between

each one. The “blades” are primary carbides oriented almost parallel to the cross section

plane instead of perpendicularly, in the depth direction of the 3D visualization.

Figure 2.9: Microstructural sections taken in order from (a) through (f) illustrating the
particles shifting between sections.

The top view of the 3D volume reconstruction illustrated in Figure 2.10 shows isolated
primary carbides, where the morphologies appear very similar in shape and diameter. The
similarity between the two carbide classifications can be verified by examining Figure 2.11.
From the two carbides shown, it can be seen that the blade-like carbides have the same
diameter as the rods, showing that the morphologies are the same. The observation of
the similarity between the diameters of the blades and rods confirms the hypothesis that

they are the same morphology, which appear different due to the orientation of the cross
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section viewed.

Figure 2.10: Top view of the rendered 3D reconstruction with isolated primary carbides.
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40 pm

e
o
=

(b)

Figure 2.11: Isolated and sectioned rod-like and blade-like carbides shown from: a) 3D view
and b) side view of the two carbides.

The observation that the primary carbides previously separated into two distinct
categories have the same morphology is novel. The 3D visualization of the microstructure

was an essential tool in enabling the conclusion provided by this work.

2.6 Discussion

The expected result that rod and blade-like carbides are the same primary carbide mor-
phology with different orientations was confirmed. The depth between sections for serial

sectioning was correlated to the cross section diameter changes between polishing steps
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by using ball bearings of known diameter. The developed procedure for sectioning al-
lowed for an efficient routine to be implemented. Although the ball bearings were not
examined after each polishing step, the oblique primary carbide rods appeared to be
straight which is consistent with uniform polishing steps.

The error in calibration was 1.4 pm/min, which seems significant, but in reality
corresponds to a R? of 0.9573 which is an indication of a high quality regression. The
use of equal polishing time intervals was also beneficial to avoid the noise of direct
measurements of the ball bearings at each step.

Figure 2.7 shows what appears to be branching in some carbides. Detailed inspection
of the micrographs suggests that this phenomenon is likely two primary carbides in close
contact that the software was unable to properly resolve.

The carbide branching observed in Figure 2.10 was determined to be carbide overlap
and not a primary carbide growth phenomenon. The carbides observed were typical in
shape and size, which indicated that this result would be representative for all typical
CCO samples. The approach was successful in dealing with a hard material with large

features in a way that had previously never been attempted.

2.7 Conclusions

The 3D characterization of CCOs was completed for the first time through the combined
use of serial sectioning, image analysis software and computer software for 3D reconstruc-
tion. A novel way of tracking the depth of polishing using the sectioning of ball bearings
proved to be successful.

Based upon the 3D reconstruction and characterization, the primary carbides particles
previously separated into two distinct categories, rods and blades, were confirmed to be

the same feature observed from different directions. The blade-like carbide particles
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observed in 2D sections of CCOs are in fact rods with the longitudinal axis parallel to

the section cut.
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Chapter 3

Large Anomalous Features in the
Microstructure of Chromium

Carbide Weld Overlays

3.1 Introduction

Wear and corrosion resistant overlays are used to prolong the lifetime of large scale
components. By providing a wear resistant surface for a tough base material, overlays
can help achieve an excellent balance of properties. Chromium carbide weld overlays
(CCOs) play a major role in oil-sands, mining, agriculture, and processing applications,
particularly where production reliability is important. [3,40] CCOs are typically deposited
with welding processes such as submerged arc welding (SAW) and flux-core arc welding
(FCAW) due to their high productivity. [1, 3]

CCOs are weld-deposited overlays based on the Fe-Cr-C ternary system, with high
overall fractions of chromium (typically 8-35 wt%) and carbon (2-9 wt%). The most
wear resistant CCOs solidify with a primary M;Cs carbide solidification path. Higher
volume fractions of primary carbides typically result in better wear resistance. [15, 28]
The primary carbides have the nominal stoichiometric composition of M;Cs, where M is

mostly Cr, with smaller amounts of Fe and other alloying elements. The composition of

27
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CCO overlays is achieved by mixing powders rich in iron, chromium, carbon (e.g. “ferro-
chrome”), and containing other alloying elements. The primary M;Cj carbides are the
first microstructural feature to solidify, and they have the morphology of a rod with a
hexagonal cross section, often with a thin austenite core running along the centre of
the rods. [41-43] The primary carbide rods are surrounded by a eutectic combination of
austenite and M;Cs carbide forming from the remaining liquid. [25] The M;C3 carbides
have an orthorhombic (Pnma or oP40) crystal structure [17-21] and a higher hardness
than the surrounding eutectic. [22]

Large anomalous features (colloquially called “rice crispies” by practitioners) have
been observed in the microstructure of industrially made CCOs. Figure 3.1 shows these
features distinguished from the surrounding primary carbides and eutectic matrix by
their rounded morphology and large size (approximately 100 pm or larger in diameter).
From previous work, it is known that the light coloured elongated features are primary
M;C3 carbides. [5,7,25,44] Typical CCOs contain less than 1 vol% of LAFs. Although
the features are common and well known to practitioners, they have not previously been
discussed in literature and no information was available to assess their origin and possible

implications on overlay performance and quality.
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Figure 3.1: Large anomalous features,indicated by arrows, surrounded by primary carbides
in the eutectic matrix. [5]

Until the work presented here, the origin and effects on performance of the LAFs
has been unknown. Explanations so far have not had a solid foundation, and fall in two
mutually exclusive categories: that LAFs are large primary carbides, or that LAFs are
unmelted input powder. These opposing theories imply very different consequences for
the overlay; for example, if the LAF's are primary carbides, hotter welds could result in
coarsening and more LAFs, while if the LAFs are unmelted powders, hotter welds would
result in fewer LAFs. The goal of this paper is to determine the origin of LAF's to assist
on the interpretation of CCO microstructures.

Welding trials were preformed to explore the link between welding energy and the
presence of LAFs. Experimental CCOs deposited by SAW using three different polarity
modes were completed: 100% electrode positive (EP), 756% EP and 25% electrode nega-

tive (EN), and a 50% balance of EP and EN. The motivation behind these experiments
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was that with more EN polarity, the energy balance of welding shifts from the bead
towards the electrode, resulting in a colder bead.

The welds were completed using a Lincoln AC/DC 1000 welding machine with iden-
tical parameters and variations in the balance of the AC cycle. The welding parameters
were a voltage of 33V and a travel speed of 4.18 mm/s. Table 3.1 summarizes the results
of the welding trials. The results indicate that lower heat inputs have resulted in higher

amount of LAFs. [5,45]

Table 3.1: Welding parameters for AC SAW trials and variation of volume
fraction of LAFs.

Balance | Heat Input (kJ/mm) | Current (A) | Vol. Frac. LAF

100% EP 4.5 568.3 0.6
75% EP 4.0 503.0 1.0
50% EP 3.6 459.6 5.4

The welding trials using SAW provide evidence that reducing the energy into the base
plate and powders results in higher amount of LAF's in a microstructure. These results

support the theory that the LAFs are unmelted powders.

3.2 Experimental Procedure

Four characterization techniques were carried out to confirm the results of the welding
trials. The methods used were micro-hardness indentations, Auger electron spectroscopy
(AES), energy dispersive x-ray spectroscopy (EDS), and electron backscatter diffraction
(EBSD).

Hardness testing was chosen to compare the LAFs” hardness to that of the primary

M-,Cs3 carbides. A Tukon 2500 Automated Vickers Hardness Tester with an indenter load
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of 100 g force was used to avoid possible cracking around indents, which is common due
to the brittle nature of the LAFs. Two LAFs were selected from a polished CCO sample
to be representative of the whole population, and five Vickers indentations were made on
each one to get an average hardness.

AES was chosen to provide a precise compositional analysis of the LAFs with the
ability to detect carbon. AES analysis was completed using a JAMP 9500F setup. The
characterization parameters used were an accelerating voltage of 2 kV, an emission cur-
rent of 8 nA, with a working distance of 24 mm, and a sputtering rate of 15 nm/min.
Elements selected for quantification were Fe, Cr, C, and O. The measurement error re-
ported was 0.006 at% for all elements.

EDS compositional analysis of the LAFs and the feed powders was completed to
compare the Cr and Fe values. All measures were taken on a Zeiss Sigma 300 VP-FESEM
setup with an accelerating voltage of 20 kV and a working distance of 8.0 mm. Compared
to AES, EDS can provide a reasonable quantification of elements heavier than carbon,
but has the disadvantage that it cannot properly detect carbon. [46,47] Conversely, it
has the advantage of not needing a flat surface, allowing analysis of the feed powder.

EBSD phase analysis was performed to compare between the primary carbide phase
and the LAFs. Using a Zeiss Sigma FESEM with an Oxford AZtec EBSD detector, two
areas were selected for mapping, one focusing on a LAF and the other focusing on several
primary carbides. Both maps were analysed using an accelerating voltage of 20 kV and
a specimen tilt of 70°. For the map of the LAF, a step size of 1.338 um were used to
analyse the 100 pm x 80 pum area. For the map of the primary carbides, a step size of

0.4864 pm to analyse the 45 ym x 25 pum area.
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3.3 Results of LAF Characterization

3.3.1 Hardness Testing

Vickers hardness testing was performed on 10 points across two LAFs. Five hardness
indentations were made in each of the two LAFs selected, yielding average hardness values
of 1908+51 HV and 1839+45 HV (variation in standard deviation). The average hardness
obtained for the LAFs is comparable to that of primary carbides, which range between
approximately 1200 HV to 1800 HV. [3,24,48] From the values obtained, hardness testing

alone cannot prove or disprove either proposed LAF formation theory.

3.3.2 AES Analysis

AES characterization was used to determine C, Cr, and Fe content in three LAFs, five
primary carbides, and six points in the austenitic matrix. Only Cr, Fe, and C were quan-
tified to develop an understanding of how the main ternary elements involved in CCOs
vary between phases; all other alloying elements amount to less than 1 at%. Oxygen con-
tent was also measured for all sampling points to ensure no contamination was present.
For comparison purposes between phases, the alloying elements present in CCOs were
considered negligible. The chosen peaks analysed were the C KLL peak (272 eV), the Cr
LMM peak (529 eV), and the Fe LMM peak (651 eV). It should be noted that the error
associated with AES measurements for quantitative analysis is only considered relevant
on measurement peaks below 200 eV, which the analysed peaks are above. [49,50]

For reference, the Cr:Fe:C ratios obtained where compared with the overall composi-
tion of the CCO, measured using ICP from a 2 g sample, and with the predicted primary
carbide composition calculated using Thermo-Calc-3.0.1 with the TCFE6 database [51].

For the Thermo-Calc calculation, a Scheil solidification mode was considered in which
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the metallic elements were considered slow diffusers (no diffusivity in the solid, but fast
diffusivity in the liquid), and the carbon was considered a fast diffuser (C is assumed to be
in thermodynamic equilibrium in the solid and the liquid at each stage of solidification).
The results of AES analysis, ICP analysis, and Thermocalc calculation are summarized
in Table 3.2. For the mass ratio, only a small error is induced if the particles are assumed
to contain only Cr, Fe, and C.

The atomic stoichiometric ratio of metal to carbon in M;Cs is (Cr+Fe):C = 2.33:1, and
measurements of Table 3.2 correspond to (Cr+Fe):C = 2.38:1 for the LAF and (Cr+Fe):C
=2.34:1 for the primary carbide; therefore, both the LAF and the primary carbide have
stoichiometries fitting the M;C3 composition. The Cr:Fe atomic ratio however, is signifi-
cantly different between the LAF and the primary carbide: Cr:Fe=3.33 for the LAF, and
1.79 for the primary carbide. The Thermo-Calc calculation suggests an atomic ratio of
Cr:Fe=1.24, similar to the composition of the primary carbide, supporting the argument
that the LAFs are not primary carbides. The inconsistency between the measured AES
composition ratios for austenite and the Thermo-Calc predictions is likely due to oxygen
contamination on the austenite in the matrix. AES indicated 8 wt% oxygen at this site,

while all other AES sampling points showed negligible oxygen contamination.
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Table 3.2: Composition ratios of microstructural constituents. Only Cr, Fe and C were present in high
enough amounts to be quantified. Error propagation of elemental ratios based on AES measurement
error yield an error of 0.0026 for Cr:C, 0.0078 for Fe:C, 0.0006 for Cr:Fe, and 0.0102 for (Cr+Fe):C.
Error propagation calculation is shown in Appendix 3.1.

Cr:C Fe:C (Cr+Fe):C Cr:Fe
Sample Point
at. | mass at. mass at. mass | at. | mass
LAF (AES) 1.83 | 7.92 0.55 2.58 2.39 10.50 | 3.30 | 3.07
Primary M,;Cs (AES) 1.50 | 6.48 0.84 3.89 2.33 10.37 | 1.79 | 1.67
Eutectic v (AES) 4.94 | 21.28 | 16.75 | 77.39 | 21.69 | 98.67 | 0.30 | 0.27

Primary M,C; (ThermoCalc) | 1.29 | 560 | 1.04 | 4.84 | 2.33 | 10.43 | 1.24 | 1.16
Eutectic v (ThermoCalc) 1.20 | 5.21 | 21.37 | 99.34 | 22.57 | 104.56 | 0.06 | 0.05

Bulk composition (ICP) 1.81 | 7.84 | 495 | 23.00 | 6.76 | 30.84 | 0.37 | 0.34

3.3.3 EDS Analysis

EDS was used to compare the composition of the powder feed used in the making of
CCOs to that of the LAFS. Five representative LAFs were selected from a CCO sample
as well as five powders particles from the powder feed. The criteria to select the powder
particles or the LAFs consisted on being representative of the population in size and
shape under microscopic inspection.

The measured Cr and Fe concentrations are shown in Table 3.3. Based on the mea-
surements from Table 3.3, the null hypothesis “the powders and the LAFs belong to
different populations” can be rejected with a 95% confidence. Similarly, the null hypoth-
esis “the powders and the LAFs belong to the same population” can be accepted with a
95% confidence (p=0.28). The Cr:Fe ratio measured with EDS is higher than that mea-
sured with AES. The differences between the ratios of the characterization techniques
is likely related to the presence of high carbon fractions skewing results in EDS. These

observations are consistent with the theory that LAFs are unmelted powders and not
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primary carbides.

Table 3.3: EDS Cr and Fe content in wt% of CCO powders and LAFs selected. Average
Cr:Fe ratio is 4.44 for the powders and 4.28 for the LAFs.

Powders LAFs
Sample Point
Cr Fe Cr Fe
Point 1 74.1 17.5 7.2 14.0
Point 2 71.5 20.1 72.3 17.0
Point 3 77.0 14.9 75.9 16.7
Point 4 74.0 17.7 73.6 13.8
Point 5 74.3 17.6 65.4 25.4
Average 74.22 17.55 72.88 17.39

3.3.4 EBSD Analysis

EBSD was used to compare the M;C3 phase of the primary carbides to the phase of the
LAFs. Figure 3.2 shows graphical representations of the EBSD results for the area map
selected to analyse a LAF. On the top left (a) is the band contrast map which is similar
to a backscattered electron (BSE) SEM image, but also shows contrast based on defects
and grain orientation. The phase boundary map shown in the top right (b) shows the
superimposed phase boundaries in red on the band contrast image. Due to the chosen
step size, some of the smaller phase boundaries were not able to be identified. The step
size of 1.338 pum was selected to allow for phase identification and was not chosen to
allow for clear grain boundary or phase boundary identification. The phase identification
map shown in the lower left (c) identifies the LAF as the orthorhombic M;C3 phase (red)
and the surrounding matrix as austenite (green) with very small amounts of the Mg3Cg

(yellow) and ferrite (blue) phases. The darker red and greens lines apparent on the phase
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identification map represent grain boundaries within the individual phases. The presence
of ferrite and My3Cg in negligible amounts warrants further investigation with a smaller
step size for confirmation, but it is possible that the ferrite identified here is martensite
which has been observed in CCOs [5]. The inverse pole figure in the bottom right (d)
shows the distinct orientation directions of each grain with respect to the flat surface of
the sample. The phase of interest here is the M;C; phase and the legend corresponds
specifically to this phase. The inverse pole figure shows that a large portion of the LAF is
the one large grain shown in blue, but the remaining portion of the same LAF is made up

of smaller sections above the large blue grain and each has a distinct crystal orientation.
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(a) Band Contrast Map

Orthorhombic M,C; Austenite Ferrite My;Cg
I N

(c) Phase Identification Map (d) Inverse Pole Figure

Figure 3.2: EBSD analysis maps of the chosen LAF showing: (a) band contrast, (b) identified
phase boundaries, (c¢) identified phases, and (d) grain orientations.

The characterization maps for the second location analysing primary M;C3 carbides
are shown in Figure 3.3. The dark phase in the EBSD map is M;C3 with the surrounding
light matrix being eutectic austenite. Similarly to the EBSD mapping for the LAF, the
phase boundaries are indicated in the top right (b) where they are superimposed on the
band contrast map (a). The phase map shown in the bottom left (c) shows that the

primary carbides here are the orthorhombic M;C3 phase (red), and the matrix is made
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up of the austenite phase (green) as well as trace amounts of Ma3Cg (yellow), and ferrite
(blue). In the bottom right (d) is the inverse pole figure with the associated legend, which
indicates the planar directions for the M;Cs phase. The main primary carbide seen in (d)
does not have a clear planar direction which could be the result of the sectioning plane

seen here being in between two different planes causing the distribution shown here.

(a) Band Contrast Map

Ferrite M;;Cy

Orthorhombic M-C, Austenite
e =

(c) Phase Identification Map (d) Inverse Pole Figure

Figure 3.3: EBSD analysis maps of a primary M7Cjs carbide showing: (a) band contrast, (b)
identified phase boundaries, (c) identified phases, and (d) grain orientations.

The results of the EBSD analysis corroborate the AES data showing that the LAF's
are made up of the M;C3 phase. Although both are the same phase, based on the AES
results, they are distinct compositions of the M;C3 phase. These observations are not in

direct support of the theory that the LAFs are not primary carbides.
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3.4 Discussion

The high Cr and C content of the LAFs means that their presence depletes the surround-
ing melt from these alloying elements. The consequence of this alloy depletion is that
there will be fewer primary carbides and decreased wear resistance. This analysis raises
the question of whether the amounts of LAF observed are expected to have a significant
effect on the remaining microstructure. Computational thermodynamics analysis was
carried out in Thermo-Calc using the TCFE6 database and considering a ternary Fe-25
wt%Cr 4.5 wt %C system where the Cr and Fe are slow diffusers and the C is a fast
diffuser. The results indicate that a 1 vol% of LAFs would result in a decrease in the
amount of primary carbides from 23.92 vol% to 23.45 vol%, and a 5.4 vol% of LAFs
(maximum observed in Table 1) would result in a decrease in the amount of primary
carbides from 23.92 vol% to 17.79 vol%. The decrease in primary carbides is significant
with 5.4 vol% of LAFs and is equivalent to an overall loss of 0.25 wt% of C. The in
depth calculation is shown in Appendix 3.2. Lower energy during welding will increase
the number of LAFs and decrease the volume fraction of primary carbide.

The effect of undissolved powders in the surrounding alloy can also be observed in
Figure 3.4. In this figure, radially oriented primary carbides surround the undissolved
powders. This morphology is consistent with directional solidification under a radial
compositional gradient. This interpretation is the object of current research outside the

scope of this paper.
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Figure 3.4: Large anomalous feature surrounded by radially oriented primary carbides.

The increase in amount of LAFs with the EN polarity deserves further research, as it
might unintentionally affect the quality of CCOs when manipulated for other purposes;

for example, when AC waveform balance is shifted towards EN to decrease dilution.

3.5 Conclusion

The large anomalous features present in CCOs were analysed systematically for the first
time through hardness testing, AES analysis, EDS analysis, and EBSD analysis. The

characterization performed yields the following conclusions:

e The large anomalous features observed in the CCOs analysed are unmelted ferro-

chromium powders.

e Vickers indentations showed that the LAFs have a hardness within the range of

typical values for primary carbides.
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e The results of AES analysis showed that the (Cr+Fe):C for both the LAFs and pri-
mary carbides matched the predicted ratio from thermodynamics. The significant
difference in the Cr:Fe ratio between the LAFs and primary carbides indicates that

while they are both the M;C5 phase, they are distinct compositions.

e EDS characterization showed that the Cr:Fe ratios for the LAFs and unmelted

ferro-chromium powders are not statistically different.

e EBSD analysis confirmed that the LAFs are polycrystalline, and the same or-

thorhombic M-C3 phase as the carbides.

e The number of LAFs present in the overlay increased with the amount of EN in
the waveform balance in SAW, which is consistent with an increase of unmelted

powders when the welding energy is less focused on the weld pool.

e The LAFs are often surrounded by radially oriented carbides in a morphology

consistent with radial composition gradients during dissolution of the LAF.
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3.7 Appendix 3.1: AES Uncertainty Analysis

The resolution uncertainty in AES composition measurements is 0.006 at% [52] and the
uncertainty in the Cr:C composition ratios were calculated using the error propagation
method shown in Equations 3.1 and 3.2. The uncertainty in the Fe:C was calculated in

the same way.

2 2
0 0
Ucr.c = [(%) UCc,~ + (%) UCC (31>
1 2 C 2
UC’I‘ZC = (C_C) UCCT + ( Cgr> UCC (32)

Where Ug,.c is the uncertainty in the Cr:C ratio, f is the composition ratio, C¢ is
the carbon composition, C¢, is the chromium composition, and U, and Ug, are the
resolution uncertainty in the composition of Cr and C respectively.

The uncertainty for the (Cr+Fe):C composition ratios is shown in Equations 3.3 and

3.4.
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U(CrJrFe):C: <0_0)UCCT + (0_0>UCF6 + —(CO—%F)UCC (34)

Where Ug, 4 pe.c is the uncertainty in the (Cr+Fe):C ratio, Cp, is the iron composition,

Uc,., is the resolution uncertainty in the Fe composition.
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3.8 Appendix 3.2: Weight Fraction Calculation

The overall loss of carbon due to the presence of 5.4 vol% of LAFs was calculated by the

method shown in Equations 3.5, 3.6, 3.7, and 3.8.

Weadi = We,cco — 0.054(We par) (3.5)

Where We cco is the weight fraction of C in CCOs, We pap is the weight fraction
of C in LAFs, and W g is the adjusted weight fraction of C. The 0.054 factor here
represents the fraction of LAF's present in the overlay.

The total new adjusted composition is calculated in Equation 3.6.

Wror = Weagi + Wre,adj + Weorags (3.6)

Where Wror is the overall adjusted weight fraction found through the addition of the
adjusted weight fractions of C, Fe, and Cr. Wg oq; and We, 44 are the adjusted weight
fractions of Fe and Cr respectively and were calculated in a manner similar to We qq;.

The final weight fraction calculation after normalization is shown in Equation 3.7.

We,p = —4 5100 (3.7)

Where We ¢ is the normalized weight fraction of C. The normalized weight fractions
of Fe and Cr can be calculated in a similar manner.

The effective C weight fraction loss is calculated in Equation 3.8.

Weioss = We,cco — Weys (3.8)

Where We 055 is the total C loss based on the amount of LAF's in the overlay.



Chapter 4

Growth Mechanism of Primary
Chromium Carbide Needles during
Solidification

4.1 Introduction

The Fe-Cr-C system with primary carbide solidification is the foundation of one of the
most widely used wear-protection technologies: the chromium carbide overlays (CCOs).
This technology is employed in mining, construction equipment, agriculture, and in oil-
sands processing applications [1,3]. Despite its ubiquitousness and current relevance in
industry, this material system has received relatively little attention from the scientific
community until recently, with only the crystallography of carbides [17-21] understood
at a fundamental level. One of the important gaps in knowledge is the understanding
of nucleation and growth mechanisms of primary carbide needles, since they determine
the final microstructure and performance of the material. This paper addresses on the
growth aspect.

The stages of growth of chromium carbide needles have been discussed by previ-
ous researchers [53-56], including recent work using confocal scanning laser microscopy

(CSLM) [57]. The observations indicate that the facets and the tip of the needle have

44
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different mechanisms of growth, with the tip growing fast, likely controlled by diffusion
and the sides growing slowly in a faceted manner, likely controlled by interfacial kinetics.

The growth mechanism of carbide needles is not captured in existing models of needle
growth such as those by Ivantsov [58], Horvay and Cahn [59], Trivedi [60], and Castillo et
al. [61]. These models aimed at capturing dendritic solidification, and consider needles
that grow by diffusion over their whole surface, not just the tip. The resulting needle
shape in these models is that of a paraboloid of revolution, which is representative of
dendrite tips, but not representative of needles of chromium carbide and other similar
material systems.

The original theory of steady state diffusion-controlled needle growth proposed by
Zener [62] considered the general diffusion equation describing diffusion-controlled length-
ening of a needle without committing to an exact diffusion profile surrounding the needle,
and most subsequent theories of lengthening are refinements over this concept. Hillert [63]
found Zener’s model to be inaccurate for high supersaturations and developed a modified
model referred to in literature as the Zener-Hillert model [64-67]. Hillert also created
a model specifically describing needle growth by solving the two-dimensional diffusion
equation in cylindrical coordinates and considers diffusion-controlled growth across all
needle surfaces. The Hillert model for needle growth in cylindrical coordinates, as well
as his extension of Zener’s analysis are derived based on a two dimensional diffusion
field, where the boundary conditions are not compatible with a steady state solution.
Ivantsov’s needle growth model represents a natural extension of Hillert’s needle growth
analysis in a cylindrical coordinate frame.

The specific case of growth of faceted needles was investigated by Amar et al. [68].
Their investigation was focused on NH4Br crystals growing in water. The crystals exhib-
ited dendritic shape at high growth velocities (0.43 um/s) and became faceted needles

at slow growth velocities (0.015 pm/s). They applied Ivantsov’s diffusion-limited growth
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theory with an additional factor to account for the shape of the facet based on the in-
terface temperature, but keeping the assumption of diffusion-dominated growth over all
the needle surface. A general analysis of faceted growth mechanisms is provided by West
et al. [69], who discuss general mechanisms that rely on specific knowledge of the facet’s
crystallographic direction for inferring surface energy. The growth rate of a specific facet
can then be calculated based the specific surface energy, the free energy, and the molar
volume. The growth of faceted needles is not directly addressed in this work.

Debierre et al. [70] developed a phase-field solidification simulation for faceted struc-
tures. Their model is based on the assumption that diffusivity in the solid is the same
as in the liquid, and the shape of the needle is parabolic; these hypotheses are not well
suited to the Fe-Cr-C system, where the diffusivity in the solid is negligible, while the
shape of the needles is not parabolic.

The work described here is the first attempt at predicting the rate of growth of
primary carbide needles in the Fe-Cr-C alloy accounting for mixed growth mechanisms
and faceted geometry. In addition to the theory, the growth of carbides was observed

in-situ using CLSM. Nucleation aspects are outside the scope of this work.

4.2 Materials System

The material system considered (CCOs) consists of weld-deposited overlays based on the
Fe-Cr-C ternary system, with high overall fractions of chromium (typically 8-35 wt%)
and carbon (2-9 wt%). Their composition is typically achieved by mixing powders rich
in iron, chromium, carbon (e.g. “ferro-chrome”), and other alloying elements.

The focus of this work is hypereutectic CCOs, which are the most wear resistant and
are widely used in industry. The liquidus surface of the pure Fe-Cr-C ternary system is

illustrated in Figure 4.1. In this figure Cj indicates a typical hypereutectic composition.
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The monovariant eutectic reaction predicted here is not commonly observed in CCOs in
practice. Hypereutectic CCOs solidify with primary carbide needles, which are harder
than the surrounding eutectic [22]; therefore higher fraction of needles typically resulting
in better wear performance [15,28].

The primary needles have the stoichiometric composition of M;Cs, where M is mostly
Cr, with smaller amounts of Fe and other alloying elements. These primary needles
typically have an hexagonal cross section with a thin austenite core running along the
centre of the rods [41-43]. The eutectic surrounding the needles is a combination of

austenite and M;Cj carbide formed from the remaining liquid [25].
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Figure 4.1: Liquidus projection of Fe-Cr-C ternary phase diagram in the region of relevance

to CCOs. [51]
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4.3 Analysis of Needle Growth

4.3.1 Longitudinal Growth

The analysis of diffusion-controlled growth will be treated in a general way based on the
diffusion of the slowest component, with the understanding that the focus of this paper is
on chromium carbide M;C3 needles, in which chromium is the rate-limiting component.
This analysis should be applicable to other systems fulfilling the same basic principles.

As a model system, consider an alloy of original composition Cy, which has a solid-
ification mode of primary needles of constant stoichiometric composition C, which are
in equilibrium with a liquid of composition C'r < Cy << C, as considered by previous
models [62,63,65].

For CCOs, the outer needle faces are typically faceted, suggesting an interface con-
trolled growth. The experiments performed indicated that the thickening of needles by
facet growth is much slower (of the order of two orders of magnitude) than the growth
of the needle tip, supporting the hypothesis of interface controlled growth. Regardless
the mechanism of facet growth, the model developed here is valid for all cases in which
the tip grows by diffusion and the thickening of needles is much slower than longitudinal
growth, thus decoupling the two growth mechanisms.

Figure 4.2 illustrates the tip of a carbide needle and its surrounding diffusion field. In
this figure, r( is the radius of the needle, x is the coordinate in the direction of growth of
the needle, y and z are the other orthogonal space coordinates, r’ = \/y2+7z2 is a radius
in cylindrical coordinates, and r = \/m is the radial coordinate in spherical
coordinates. Coordinates z, y, and z constitute an Eulerian coordinate frame fixed to
the advancing tip of the needle at velocity, U, similar to previous models that affixed
the coordinate frame to the needle tip [62,63,71]. The magnitude r4 is the characteristic

length of the diffusion field.



4.3: Analysis of Needle Growth 49

C(xy,zt)= { YA

— — — — —r-—-—.—',—)

Needle/—/
CS’EC?‘

Diffusion T
Field Cn,fgcr 1= --
cr &
C[i.l’“" E.rg_"_._-": i
. > T

N,

Figure 4.2: Diffusion field for the growth of a needle with negligible thickening.

For the case of chromium carbide needles, the rate controlling step for diffusion growth
is the diffusion of Cr; C has a much higher diffusivity [72], and concentration of C will be
considered uniform during the needle growth process. The diffusion field at the needle-tip
is governed by:

oC oC

— =V(D — 4.1
5 V( VC)+U835 (4.1)

where C' is the concentration of Cr (in kg/m?®). This equation allows for variable proper-
ties in space and time. For simplicity, the needle will be approximated by a thin cylinder

with symmetry of revolution. The boundary conditions for this equation are:

r=0,r" <rg C=0Cg needle tip (4.2)
oc  J :

r'=re,x <0 W=D needle side (4.3)

r’— o0 C =Cy melt far from needle (4.4)

where Equation 4.2 embodies the consideration that at the needle tip, interface kinetics at
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the tip are much faster than diffusion in the melt, thus the interface is in local equilibrium.
Other realistic approximations are applicable. The faceted sides of the needle exhibit a
very slow growth, such that the small mass flux J, along the facets of the needles can be
neglected, resulting in the condition 0C'/dr" = 0. The issue of incompatible boundary
conditions encountered by Hillert’s in his analysis [65] is not an obstacle in the present
model.

The experiments performed show that advection is secondary. The Peclet number
is a dimensionless group that captures the relevance of advection relative to diffusion,
and for typical values of growth velocity U=5 um/s, a diffusion radius of r4=10 pm,
and a diffusivity D=1.7107° m?/s at 1548 K, Pe= Ur,/(2D) =0.15<1, indicating that
the effect of advection is small and the advective term can be neglected as a reasonable
approximation in Equation 4.1. When diffusivity is constant in space, and the needle is

thin with no advection, the solution to Equations 4.1-4.4 is [73-75]:

m r
C(r, t) = C[) — merfo(ﬁ) (45)

where 10 is the mass flow rate of solute (Cr) in the melt towards the tip of the needle.

Equation 4.5 describes the growth of needles as a continuous point sink in which solute
flows towards the tip. This equation predicts a rapid initial transient period followed by
growth at a steady state. As is the case with the Zener model [62], the needle radius is
assumed as constant throughout the growth. In the present model, the needle radius is
assumed to be smaller than the size of the diffusion field (r, < r) so the needle tip can
be approximated as a point sink for solute.

Equation 4.5 does not account for the finite size of the carbide after nucleation and
very early growth stage where the cross section of the needle is established. Accounting

for this initial time by using t+t, instead of just ¢ also prevents the unrealistic asymptotic
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behavior of Equation 4.5 at early times. Analysis of stages of nucleation and early growth
(to be published separately), suggests the needle starts to grow longitudinally after a time

of the order of the time constant for diffusion to reach a distance rg:

(4.6)

Tl

toz

All the variables from Equation 4.5 except mass flow rate of solute are known from
thermodynamics and tabulated data. The mass flow rate of solute is the rate at which
the solute is adsorbed onto the tip, resulting in growth of the needle. Mass flow rate can

be related to the growth velocity through a mass balance, obtaining:

= Udup, (ff’“ L 2) (4.7)
E,ro
where p, is the density of the solid, f¢" and fg,’;o are the mass fraction of solute in the
solid and the mass fraction of solute in the liquid in equilibrium with the solid, ff¢ and
po (fBS,=[fE°) are the mass fraction of the primary matrix alloy (Fe for the case of
CCOs) in the solid and liquid in equilibrium with the solid, and A, is the cross sectional
area of the carbide needles. Equation 4.7 also accounts for the change in molar volume
between the liquid and solid; this effect is relatively small, and was neglected in the
original Zener model [62] and subsequent Zener-Hillert model [63].
The effect of carbide thickness affects the thermodynamics at the interface, such that
thinner carbides experience a decreased driving force for growth (Gibbs-Thomson effect).

This effect can be captured by considering a critical carbide radius (r.), for which the

size effect matches the thermodynamic driving force, stalling growth [65]. The critical



4.3: Analysis of Needle Growth 52

carbide radius is defined as:

Cr
20Vm,s E,ro
Cr Cr
RT ( 0 - E,T’())

(4.8)

e =

where f§" is the nominal mass fraction of solute in the melt, o is the interfacial energy
in J/m? V. is the molar volume of the needle, R is the ideal gas constant and 7' in
this case is the equilibrium liquid temperature. In the experiments performed, r. is of
the order of 10 nm, much smaller than the needle radius (ry ~5 pm), thus the effect of
surface curvature is small.

Replacing mass flow rate of Equation 4.7 in Equation 4.5, accounting for the time ¢, in-
volved in the nucleation and early growth stage, incorporating the Gibbs-Thomson effect
as done by Zener [62], and approximating the carbide tip as hemispherical (< (r¢)= fg;o),

Equation 4.5 can be rewritten as:

4D . Af*
v = 4Dn (1 _ 1) ! (4.9)
T0Ps "0/ erfe (—TO )
AD(t + to)
where p; is the density of the liquid and A f* is defined as:
Cr _ gCr
Af* = 0B (4.10)

Fe
(fCr_S_ Cr)
S Fe/ E,ro
E

The term Af* is a dimensionless term describing the solute needed from the liquid
to form the solid (comparable to supersaturation in Zener’s model [62] with the added
consideration of molar volume change). For comparison with experiments, only a half-
space should be considered, since only needles at the surface of the melt are visible. For

needles at the surface, the numerator on the right hand side of Equation 4.9 should be 2
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instead of 4.
Equation 4.9 can also be expressed using the notation of Christian and others, where

Pe = (Ury) / (2D):

pe — 2! (1 - E) A/ (4.11)
P\ To erfc(r—(])
1Dt + to)

Equations 4.9 and 4.11 reach a steady state growth velocity at long enough times (the
erfc function tends to 1). This steady-state solution has similar features to the Zener
model [62], which expressed in the notation of this work corresponds to:

1 Te ( OCT - gr )
Pez—(l——)—’ro (4.12
20 To (fscr_ g,%) )
In Zener’s analysis, the parameter « is an unspecified constant of the order of 1

(assumed as equal to 1 in Figure 4.5). The steady-state growth from Equation 4.11 can

also be compared with the Zener-Hillert model:

L e\ U = fen)
Pe=-(1- ¢ )X _“>"/ 4.13

(-5 5= 1)

It can be observed that in steady-state, the Zener-Hillert model gives predictions
approximately 8 times smaller than the model presented here, reflecting the different
mechanism of thickening of needles between the two models. The growth described by
Equation 4.9 can slow down abruptly due to the soft impingement with other needles

solidifying in the melt.

4.3.2 Soft Impingement

As the primary needles grow, and the volume fraction of needles increases, the probability

that the diffusion field ahead at the tip of the needle impinges on another needle also
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increases. The interference of the diffusion field depletes the solute ahead of the growing
needle, slowing its growth. The interaction range for soft impingement is given by the
characteristic length associated with diffusion. The final distance between needles at
the end of solidification might be shorter, as the fraction of carbides increases during
solidification, with the final fraction of needles governed by thermodynamics.

Soft impingement is noticeable when the tip of a growing needle becomes closer than
the diffusion length [65, 76], of the order of 4. The critical value of 74 is determined by
the intercept of the tangent shown in Figure 4.2, corresponding to Equation 4.5. The
size of the diffusion field predicted by the proposed growth model reaches a steady state

value as t — oco. In steady state, the diffusion field has the following size:
AC

T4 =TT 5AC
ar lro

= 2rg (4.14)

where AC=Cy — C(ro).

4.3.3 Transverse Growth

The thickening of the needles (transverse growth) along the prism faces of the faceted
needles is much slower than the longitudinal growth; which is consistent with the elon-
gated morphology of the solidified needles. Faceted surfaces typically exhibit growth that
is dominated on interface kinetics over diffusion, and it is typically slow and linear. From
Equation 4.7, the mass flux of solute flowing to the carbide facet (1) can be expressed

as:

Fe
m":Ups(ffr— = gj;o) (4.15)

Erg
The composition of the melt along the length of the needle is approximately constant,

with the exception of the small region near the tip (for a distance of the order of r.),
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where a composition gradient drives the longitudinal growth. The uniform thickness
observed for each needle in this work and others [41] is consistent with the slow growth
observed. The initial thickness of the needles seems to be set during the nucleation and

early growth stage, and is the focus of studies to be published separately.

4.4 Materials Properties

The material studied is the same as in [5]. The composition was determined using in-
ductively coupled plasma (ICP) mass spectrometry, and is listed in Table 4.1. The
corresponding properties necessary for the model are listed in Table 4.2. The tempera-
ture considered for thermodynamic calculations is the begining of eutectic precipitation
temperature, 1275°C (1548.15 K), obtained from Scheil solidification simulations using
Thermo-Calc [51], represented in Figure 4.3. A similar thermodynamic analysis was per-
formed assuming C as a fast diffusing element in the solid, and yielded nearly identical
results; this is consistent with the stoichiometric composition of the needles. The con-
centration of Cr of the needles was analysed using Auger electron spectroscopy (AES)
and was found to be of the order of 56.5 wt% [77] which matches closely to the calcu-
lated value through thermodynamics. The diffusivity for Cr in liquid Fe was calculated
as D = Dyexp (—Q/ (RT)), and it was calculated at the temperatures measured in the
experiments: 1499 K for 5CR_01_01, 1430 K for 5CR_01.02, 1430 K for 5CR_01_03, and
1441 K for 5CR_01_04.

Table 4.1: Chemical composition of the material in ex-
periments. [5] (wt%, Fe balance)

Element | Cr C |Mn | Mo| B P Si
amount |26.7]3.4112.39] 0.8 |0.24]0.02 | 0.53
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Table 4.2: Summary of model parameters corresponding to experiments.

Variable Value Units Reference
Do.cr—Feq, 1.85 x1077 m?/s Esin et al. [72]
Q 60.5 kJ/mol Esin et al. [72]
Jero 0.267 wt% ICP Analysis
forancs 0.578 wt% Thermo-Calc [51]
forE 0.222 wt% Thermo-Calc [51]
frezcy 0.314 wt% Thermo-Calc [51]
freE 0.709 wt% Thermo-Calc [51]
PM-Cs 6600 kg/m?3 Thermo-Calc [51]
p1 6900 kg/m? Thermo-Calc [51]
70,5CR-01_01 12.5 pm Observation
70,5CR.01.02 4 pm Observation
7'0,5CR_01.03 ) pm Observation
T0,5CR-01.04 3 [ Observation
o 3.312 J/m? Liu et al. [78]
Vin.s 7.2x107° mol/m? Thermo-Calc [51]
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Figure 4.3: Scheil solidification for the material studied (Table 4.1).
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4.5 In-situ Observations

The in-situ observations were performed with a Yonekura VL2000DX-SVF17SP CSLM
located at University of Warwick. The initial sample consisted of a cube with a side of
approximately 2 mm. The peak holding temperature was chosen as 1400°C to achieve
complete melting (For the composition tested, Thermocals yields Tiiquidus = 1341°C). The
heating rate was not regulated, as complete melting was the goal of the heating cycle;
the cooling rate was controlled at 5°C/s. The cooling rate was chosen to ensure that the
solidification could be captured appropriately in terms of temporal resolution. A faster
cooling rate of 30°C/s was originally attempted, corresponding to the actual cooling rate
observed in SAW-deposited CCOs [5]. At this faster cooling the frame rate of the CSLM
(10 frames per second) could not capture enough images during the growth of needles.
A slower cooling rate (1°C/s) was also attempted, but no useful images were obtained
for longitudinal growth.

The temperature readings shown in the videos were calibrated for higher accuracy.
A linear calibration was performed between room temperature (measured accurately as
25°C) and the collapse of the sample into a droplet during heating, assumed to be the
liquidus temperature (1341°C), but and reported as 1338°C by the CSLM thermocouple
situated at the bottom of the sample). Temperature uniformity within the sample is of
the order of 0.29 K, assessed using the gradient estimation of Gibbs et al. [79] assuming
a sphere of radius 2 mm cooling at 5°C/s with a thermal conductivity approximated
as that of white cast iron (37 W/m?K) [80], and a specific heat of 460 J/kgK. During
solidification, the appearance and growth of primary carbide needles surrounded by a
liquid with limited amount of flow is observed. During the growth stage, the needles did
not move with the flow, and seem to be attached under the surface, not merely floating.

A small amount of surface contaminants of unknown origin were observed floating
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on the melt in many of the solidification videos. They appear at temperatures above
the liquidus temperature and did not seem to affect the behavior of the carbides. There
was no observed interaction between the surface contaminants and the carbides in the
form of a reaction, or the appearance/disappearance of contaminants. Because of the
very rough surface of the solidified sample, it was not possible to find and characterize
the contaminants at after the solidification experiments. The peak holding temperature
was increased to 1600°C in an attempt to dissolve the contaminants, but did not have
an effect. The surface contaminants are likely oxides (potentially aluminium oxides)
present in the overlay prior to entering the CLSM. Analysis of the videos assumed that

the contaminants are not relevant to the growth of primary carbide needles.

4.6 Results

The in-situ videos showed the growth of the primary carbide needles clearly at the surface
of the melt. The relevant videos have been uploaded as supporting online material (SOM).
Four carbides were selected from video SOM_1 (cooling rate of 5°C/s) to be representative
of all carbides in the melt. The carbides are shown in Figure 4.4 at the frame where the rg
value was measured. The measured radii of the individual carbides was estimated based
on the portions of the carbides that were visible from the liquid, and are summarized in
Table 4.2.

The longitudinal growth of the four carbides was manually tracked frame by frame,
and the results are shown in Figure 4.5. The model predictions are overlayed onto
the experimental measurements and show a good agreement between the model and
the observations. The results of the models by Zener (Equation 4.12, assuming a=1)
and Zener-Hillert (Equation 4.13) are also shown on the plots for comparison. Both

models under predict the growth rate, consistently with the consideration of diffusion
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® Carbide
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Figure 4.4: Representative images of the four carbides used to measure longitudinal growth,
indicating the direction of growth velocity (U) and the needle thickness (2rp). Top left: carbide
5CR.01.01 (rp=12.5 pm). Top right: carbide 5CR_01.02 (rp=4 pm). Bottom left: carbide
5CR_01.03 (ro=5 pm). Bottom right: carbide 5CR_01.04 (rp=3 pm).
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mass transport over the whole length of the needle, instead of the most representative
treatment done here of considering diffusion concentrated at the tip.

The undercooling for each of the carbides analysed in this work was taken as the
difference between the equilibrium liquidus temperature calculated in Thermo-Calc [51]
(1275°C) and the calibrated temperature at which the carbide was first observed, and is
noted in Figure 4.5. The variation in melt temperature during the measured growth of
carbides was of the order of 10°C to 50°C, increasing the undercooling. For the analytical
solution proposed, it was assumed that the thermal undercooling stayed constant at the
value where the carbide was first observed.

Figure 4.6 shows the four carbides from video SOM_1 at the point of impingement.
Soft impingement here is defined as the moment where the diffusion field of another
carbide was first observed to interact with the growing carbide. The black dotted circles
in the figure indicate the diffusion field of the carbide (r4) and the arrows represent the
distance between the advancing interface and the impinging carbide.

The final microstructure of the sample from SOM_1 is shown in Figure 4.7, which
corresponds to a vertical sectioning plane passing through the center of the sample.
This image displays the typical microstructure observed in CCOs, with carbide needles
surrounded by eutectic. The microstructure is uniform through the sample and does
not show a preferential orientation, both features consistent with the high temperature
homogeneity expected.The top of the image shows the surface profile, illustrating the
high final roughness expected from the videos, and also showing evidence of solidification
shrinkage near the surface.

The video in SOM_2 shows the outward growth of a carbide. This video corresponds
to a cooling rate of 1°C/s, and it is the only video capture obtained that shows radial
growth in a way that can be quantified. The evolution of thickness as a function of time

is shown in Figure 4.8. It can be seen that the growth is approximately linear at an
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Figure 4.5: Longitudinal growth of carbides from video SOM_1 and the growth model predic-
tions according to this work (Equation 4.9), Zener [62] (Equation 4.12), and Zener-Hillert [63]
(Equation 4.13). The first appearance of carbides impinging along the path of growth is
marked. Top left: carbide 5CR_01_01 (t=642.62 s, T=1499 K). Top right: carbide 5CR_01_02
(t=655.65 s, T=1430 K). Bottom left: carbide 5CR_01.03 (t=655.65 s, T=1430 K). Bottom
right: carbide 5CR_01_04 (t=653.60 s, T=1441 K). Micrographs at the point of impingement
are shown in Figure 4.6.



4.6: Results 63

— 50 pm

Figure 4.6: Moment of first observed impingement. Impinging carbides are outlined and ry
is represented by the dotted circles. The impingement distance is noted in the figure between
the centre of the growing carbide and the impinging carbide. Top left: carbide 5CR_01_01 at
t=646.72 s. Top right: carbide 5CR_01_02 at t=656.45 s. Bottom left: carbide 5CR_01_03 at
t=657.04 s. Bottom right: carbide 5CR_01_04 at t=655.79 s.
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500 um

Figure 4.7: Vertical cross-section of the sample from SOM_1. The top of the sample corre-
sponds to the surface visualized in the CSLM.
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average velocity of the order of 0.43 pm/s. Applying Equation 4.15, this growth rate
corresponds to a mass flow of 270 kg/m?s. The measured transverse growth velocity and
mass flux are more than one order of magnitude slower than for the longitudinal growth.
This negligible thickening of the needle is not captured adequately in pre-existent models
developed for dendritic growth which consider thickening by diffusion.

Figure 4.8: Tracked growth of carbide 1CR_01_01 from SOM_2 exhibiting slow transverse
growth direction. Image on the left at t=613.76 s and the image on the left at t=643.27 s.

4.7 Discussion

The diffusion-controlled growth model proposed shows good agreement with the in-situ
observations performed, supporting the argument that the the interface-control mass
transport mechanism on the side of faceted needles must be taken into account, and
models of needle growth considering diffusion control over the whole length of the needle
can result in significant error of prediction.

The model proposed addresses only the growth stage of the needles, but not its
nucleation and early growth, which could not be captured in the videos. In particular,
this model considers that the cross section of the needles is essentially set from the
beginning. The size of the cross section of the needle (of the order of 5 um), is too
large to be determined by nucleation alone, and very likely, there is an early growth
stage in which the thickness of the needle is established. The time constant postulated
empirically in Equation 4.6 is consistent with diffusion-controlled growth in the thickness
of the needle in the early stage of growth. Analysis of past experiments also suggests
that the cross section of the needles depends strongly on the temperature of nucleation,

with lower temperatures yielding thinner carbides. The stages of nucleation and early
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growth are the focus of current research, and their understanding would be very useful
to overcome the need of an empirical measure of cross section in the current model.

One possible early growth mechanism is that immediately after nucleation the carbide
starts to grow as a sheet that curls into itself in one of the dimensions and stops growing
in that direction once the curling completes a cycle. This speculated mechanism would
have a time constant of the order observed, and would also yield light into the presence
of the typical austenite core in the needles. Using Thermocalc to estimate the entropy
of solidification of the carbides yields a ratio AS/R=1.78 [81], which is intermediate
between 1 (typical of rough interfaces) and 2 or 3 (typical of faceted interfaces) [82].
This intermediate value is also consistent with the faceted carbide/austenite interface of
the outside of the needle, and the rough interface for the same phases in the core of the
needle.

For a given cooling rate, nucleation will happen simultaneously with growth, with
slower growth or faster cooling rates resulting in finer carbides. There is evidence about
faster cooling rates result in finer carbides [1,56], but this evidence is not conclusive [5].
Lowering the growth rate of carbides should also result in a higher fraction of finer
carbides nucleated at lower temperatures. The work presented here suggests that slowing
mass transport to the needle tip should result into finer final microstructures for a given
a cooling rate. For example, alloying elements that lower the liquidus temperature would
result in slower diffusion and help refine the final microstructure.

As the carbides observed are at the surface of the melt, the contribution of capillary
effects must be addressed. Considering the interface energy of liquid iron in an inert gas
atmosphere (of the order of 2 J/m?) [83,84] as an approximation of the chamber of the
CSLM, Equation 4.8 indicates the surface capillarity effect would become relevant for
carbides with a thickness of the order of 11 nm, much thinner than what was observed.

The effect of surface diffusion and stoichiometry changes by evaporation at the surface
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of the melt are assumed to be negligible for the needle thickness considered.

In the model proposed, it is assumed that the rate-limiting factor for mass transfer
at the needle tip is the diffusion of Cr in the melt while C diffuses much faster. In multi-
component systems, the mobility of C may be lower than considered in this work [85-87].
At the representative temperature of 1275 °C, the diffusivity of Cr in the melt was
calculated as 1.682107° m?/s, and the diffusivity of C as 1.13107% m?/s [72]. For the
purpose of the proposed growth model, the large difference between the diffusivity of Cr
and C in Fe suggests that diffusion of Cr is likely to remain the rate limiting in all cases.

The consideration of impingement accounts for the arrest in growth observed, which
is otherwise attributed to the slowing rate typical of parabolic growth in other diffusion-
controlled growth mechanisms. The impingements noted in Figure 4.6 corresponds well to
the theoretical predictions, but the impingement distance shows variations. For example,
for carbides 5CR_01_03 and 5CR_01_04, the arrest in growth occurs at slightly longer
distances than expected. A possible reason for this observation is depletion of Cr caused
by unseen carbides existing under the surface.

The current model proposed was developed assuming that the needle cross section
does not change significantly during the needle growth. This hypothesis is supported
by the observations of needle thickening more than order of magnitude slower than the
longitudinal growth. The growth model could be improved by considering the slow
coarsening of the needles using the measured constant coarsening rate. This improvement
would involve numerical analysis or a more complex analytical final expression, which

are outside the scope of this work.
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4.8 Conclusions

The growth of primary carbide needles in CCOs was quantified by direct observation for
the first time. The mode of growth observed is consistent with that recent experiments
[57] showing a carbide shell morphology instead of growth of a fully solid needle.

The measurements of growth rate are consistent with diffusion-controlled growth at
the carbide tip and interface-controlled growth on the carbide side facets, where the mass
flow to the facets is much smaller than to the tip.

A theory of carbide growth based on diffusion at the carbide tip was proposed for Fe-
Cr-C alloys for the first time. It predicts a steady state carbide growth velocity given by
Equation 4.9, which is consistent with the general approach of Zener [62], but differs in the
final expression from Hillert [63] and Ivantsov [58] as they consider diffusion-controlled
coarsening of the needles, while this work shows in the experiments and analysis that the
rate of faceted needle thickening is very slow. The initial needle thickness of the carbide
was assessed empirically from videos and seems to be determined during the nucleation
and early growth stage. The lateral growth of the carbide had a velocity of 0.43 pm/s,
corresponding to a mass flux of 270 kg/m?s.

The growth of carbides was observed to stall when the carbide tip approached another
carbide at distances of the order of a carbide diameter. This is consistent with a diffusion
growth mechanism in which growth stalls in the presence of a field depleted of solute by
a previous carbide.

The model proposed is the first step towards a quantitative understanding of mi-
crostructural development in this important class of alloys, and combined with an under-
standing of nucleation, it will allow for the prediction of microstructures of CCOs under

a variety of practical conditions.
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4.9 Appendix 4.1: Derivation of Equation 4.7

The mass flowrate defined in Equation 4.7 was defined as the rate at which the solute
adsorption onto the cross-section of the faceted needle, resulting in a certain growth
velocity. The derivation of this equation relies on defining the mass flowrate as solute
needed for growth of the solid and the amount of solute in transformed liquid and ac-
counting for the change in molar volume between the liquid and solid. The system is
defined in Figure 4.9, where L is some volume of liquid and the carbide is growing at a
velocity (U) with a certain cross-sectional area (A.) and the alloy base (Fe) and the main

alloying element (Cr and C) are adsorbing to A..

L

Figure 4.9: Schematic representation of the adsorption process.

The mass flowrate of the elements in the solid can be defined as:

Fe UA.pre, (4.16)
Cr UA.pcr, (4.17)
C UA.pc, (4.18)

The same can be done for the liquid that is transformed to be incorporated into the

solid (i.e. liquid in equilibrium with the solid). To account for the change in molar
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volume it is necessary to define the alloying elements in terms of the base (Fe) as:

Fe UA.ppe. (4.19)
Cr UALES b, (4.20)
pF@e
C UALES pe, (4.21)
pFee

The mass flowrate for the solute (Cr) can then be defined as:

. PFe,s
m = UAcps( PCrs — Pcr.E )
N~ PFe,E
Cr needed
from melt Cr available in
transformed liquid

Defining it in terms of mass fractions:

m = UAcps <fCT,S - fF€7S fC’/‘,E) (422)

fFe,E
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4.10 Appendix 4.2: Calculation of Dimensionless En-
tropy of Formation for the Primary Carbides

The dimensionless entropy (o) of formation provides an indicator of faceted (a;=2~3)
or non-faceted (ay=1) growth [88]. The enthalpy of formation (AHy) can be calculated

from Thermo-Clac and is seen in Figure 4.10.
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Figure 4.10: Enthalpy of formation for the primary M;Cs carbides. [51]

Based on the enthalpy of formation at an average temperature of 1307°C (1581 K),
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the dimensionless entropy of formation, defined as:

AS
ay = ?f (4.23)

where AS; is the entropy of formation. The value of ay calculated for the primary
carbides is ~1.78 indicating that faceted and non-faceted growth are possible, but faceted

is likely.
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4.11 Appendix 4.3: Composition Sensitivity Analy-

sis of Growth Model

The model developed to describe the growth of primary chromium carbide needles, con-

sidering the half-space assumption associated with carbides at the surface of the melt, is

defined by
2D M
U= 2P ! (4.24)
T
ToPs erfc(—o >
4D(t +t,)
and the My term is defined as
fsol,oo - fsol,E
Mf - fbase s (425)
(fsol,s - fb 7E fsol,E)

The model was found to be sensitive to the nominal composition of the overlay as the
factor relating to the amount of solute needed from the melt for growth, My, is predicted
through thermodynamic calculations in Thermo-Calc. The equilibrium compositions of
primary carbide vary with small changes of the nominal composition. Accurate measure-
ment of the composition of the overlay is necessary to apply the model.

A summary of the variation of parameters necessary for the calculation of Equa-
tion 4.24 as they vary with the nominal composition of the overlay (fco and fero) is
shown in Table 4.3.

It can be seen from Table 4.3 that as fc increases, fo, g and for o, are decreased
and frep and frearnc, are both increased. Decreasing fcoro has the same effects. The
alloy composition alters the Cr:Fe ratio in the liquid in equilibrium with the solid and by
consequence the composition of the solid. The altered compositions have a large effect

on the growth rate predicted by Equation 4.24. Increases to the C concentration and
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Table 4.3: Variation in relevant parameters from Equa-
tion 4.24 with composition.

Variable Alloy 1 Alloy 2 Alloy 4
feo 0.0341 0.036 0.0341
fero 0.267 0.267 0.25
forE 0.222 0.213 0.21
fFer 0.709 0.717 0.721

forancy 0.578 0.567 0.562

JFe s 0.314 0.324 0.33

T (°C) 1275 1272 1272

75

decreases to the Cr concentration both result in increasing the predicted growth rate.

The measured growth rates compared to the model predictions for the Fe-26 wt%Cr-

3.41 wt%C are shown in Figure 4.11.
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Figure 4.11: Comparison between observed growth for four carbides from video SOM_1 and
the growth model predictions for the measured alloy composition of Fe-26 wt%Cr-3.41 wt%C.
The first appearance of carbides impinging along the path of growth is marked on the plot by
black crosses.

For comparison, the growth model for the Fe-26 wt%Cr-3.7 wt%C is shown in Fig-
ure 4.12. The increased predicted growth rate of the carbides is significant and reinforces

the importance of composition for the growth model.
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Figure 4.12: Comparison between observed growth for four carbides from video SOM_1 and
the growth model predictions for the measured alloy composition of Fe-26 wt%Cr-3.7 wt%C.
The first appearance of carbides impinging along the path of growth is marked on the plot by
black crosses.



Chapter 5

Effect of Cooling Rate on Chromium
Carbide Weld Overlays

5.1 Introduction

Wear and corrosion resistant overlays are used to prolong the lifetime of large scale
components. By providing a wear resistant surface for a tough base material, overlays
can help achieve an excellent balance of properties. Chromium carbide weld overlays
(CCOs) play a major role in oil-sands, mining, agriculture, and processing applications,
particularly where production reliability is important. [3,40] CCOs are typically deposited
with welding processes such as submerged arc welding (SAW) and flux-cored arc welding
(FCAW) due to their high productivity. [1,3]

CCOs are weld-deposited overlays based on the Fe-Cr-C ternary system, with high
overall fractions of chromium (typically 8-35 wt%) and carbon (2-9 wt%). CCOs with a
primary M;Cs3 carbide solidification path typically exhibit better wear resistance, due to
the high volume fractions of primary carbides with a high hardness as compared to the
surrounding matrix. [15,22,28] The primary carbides have the nominal stoichiometric
composition of M7;Csz, where M is mostly Cr, with smaller amounts of Fe and other

alloying elements. The primary M;C3 carbides are the first microstructural feature to

78
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solidify, and they have the morphology of a rod with a hexagonal cross section, often with
a thin austenite core running along the centre of the rods. [41-43] The primary carbide
rods are surrounded by a eutectic combination of austenite and M,;Cs carbide forming
from the remaining liquid. [25]

The effect of cooling rate on the microstructure of chromium carbide overlays (CCOs),
particularly how it influences the primary M;C3 carbide morphology, is not well under-
stood in literature. Increasing the cooling rate generally has the effect of refining the
microstructure in most alloys [89]. It has been hypothesized that fast cooling rates will
result in a reduction of carbide rod diameter [1], but a systematic and quantitative study
has yet to be published in the scientific literature.

The study by Wang et al. [90] provides preliminary evidence of refinement with in-
creasing cooling rate. Their study involved producing welds for four distinct Cr:C ratios
on a substrate under three cooling conditions: 1) water cooling in direct contact with
the substrate, 2) air cooling, and 3) a 250°C preheat followed by natural air cooling.
The results of their study present microstructural images under each cooling condition
from which a general trend can be inferred, but no quantitative data of primary carbide
size from across the overlay cross section is provided. Given the high variability of CCO
microstructure across an overlay cross-section, extrapolating the results to the rest of
the microstructure can be inaccurate and warrants further investigation. The conclu-
sions drawn from their work provide the first step towards proving a distinct relationship
between cooling rate and primary carbide refinement. Of the Cr:C ratios used in their
study, Alloy 2 (Cr:C ratio of 9.12) and Alloy 3 (Cr:C ratio of 6.55) most closely represent
relevant CCO chemistries.

Hornung et al. [91] performed experiments showing limited evidence of the effect that
cooling rate has on the microstructure by measuring the wear rate to find that as cooling

rate is increased the wear resistance of the alloy decreased. Their study has a significant
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volume fraction of unmelted particles that alter the alloy composition by decreasing the
solute available for primary carbide formation [77]. The evidence of microstructural
refinement is not the main focus of their study. A study of CCOs using widely different
processes and cooling rates [5] suggested that cooling rate would have a significant effect
on carbide thickness, contradicting Wang et al. These contrary findings increase the need
for a quantitative study that isolates the effect of cooling rate on carbide refinement.

The work by Borle [5,45] consisted of three distinct experiments: 1) depositing CCOs
with different welding processes with widely varying cooling rates, 2) testing the effect
of preheat on the microstructure of CCOs, and 3) varying the AC balance in SAW to
determine the effect. In the varied process study by Borle [5], CCOs were deposited
with SAW, gas metal arc welding (GMAW), laser beam welding (LBW), and plasma
transferred arc welding (PTAW) to measure the variation in primary M;Cj carbide size
with different heat inputs and cooling rates. The results of these tests are shown in
Figure 5.1, but did not prove conclusive, as the wide variation between the processes
does not allow for isolation of just the cooling rate effect.

Additional analysis was also performed to study the effect of cooling rate through
different preheats by measuring the average primary carbide size. The results of the
preheat testing are shown in Table 5.1. These results found no correlation between
the cooling rate and primary carbide size. The study was inconclusive as to the effect
of cooling rate on primary carbide size as there was low a volume fraction of primary
carbides on which to base the size analysis for all samples.

Attempting to vary cooling rate by altering the AC balance in SAW had similar issues
to the preheat tests, as the fraction of primary carbide was too low to draw meaningful
conclusions. Although the effect of altering the primary carbide side was not the primary
purpose of the study, it yielded a average decrease in the carbide size with increasing

balance. As balance decreases in AC SAW and there is more time spent in the electrode
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negative (EN) polarity cycle, the energy balance of welding shifts from the bead towards

the electrode, giving a colder weld pool. The results of the testing are shown in Figure 5.2.

Figure 5.1: CCOs produced using various welding processes. Top left: CCO produced using
the SAW process. Top right: Cored CCO welding wire electrode deposited using the GMAW
process. Bottom left: LBW deposited CCO. Bottom right: CCO deposited using PTAW. [5]

Table 5.1: Effect of preheat on average primary carbide size. [5]

Preheat Total VF Carbide VF Primary Average Primary Size Dilution

°K % % pm %
298 26.99 1.69 389 27
323 23.59 1.84 427 25
373 25.35 5.02 542 26
423 19.89 0.66 252 25

Given the contrary findings of literature studies regarding the refinement of primary
carbides through cooling rate, the aim of this work is to provide conclusive quantitative

size analysis of microstructure from controlled cooling rate experiments. This work aims
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Figure 5.2: Effect of varying balance in AC SAW. [45]

to isolate the cooling rate effect and provide systematic and quantitative measurements

representing the average carbide size across a sample.

5.2 Experimental Method

A cooled substrate was developed to enable variation of the cooling cycle of experimental
CCOs melts. The substrate consists of a plate affixed to a polymer base through which
water is fed into a basin and flows directly in contact with the base of the welding sub-
strate. The design of the substrate allows for an interchangeable plate and for variation
of the flowrate of water through the system to alter the cooling rate. The substrate is
shown in Figure 5.3. The substrate was designed considering a copper plate where there
is no dilution, but for the purpose of altering cooling rate, a steel substrate was chosen.
The steel substrate avoids the contact barrier associated with the copper plate, allowing
for increased control over cooling rate while maintaining negligible dilution. The use of
type K grounded probe thermocouples at the inlet and outlet of the substrate allow the

measurement of the total heat removed by the water, which is flowrate dependant. The
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inlet thermocouple is not shown in Figure 5.3 as it was placed after the flowmeter to
avoid back-heating during welding. Using this cooled substrate, the cooling rate effect

can be isolated, and its effect on primary carbide size can be determined.

Steel
Substrate

Thermocouple
/ Probe

Polymer
Basell > e

Water
Outlet

Figure 5.3: Thermally controlled substrate with steel plate.

CCOs are generally produced using high efficiency welding processes to maximize
deposition. Typically, these highly efficient processes are susceptible to high levels of
dilution. A low level of dilution is desirable for the cooling rate experiments, as high
dilution welds significantly alter the chemistry of the weld with the incorporation of
the substrate material, which introduces an undesired variable. To minimize dilution,
PTAW was selected for deposition of the CCOs. PTAW is specifically designed for overlay
production and is known for having very low dilution (<10%) [3]. A schematic of the
PTAW process is shown in Figure 5.4. The PTAW setup used in the experiments in this
work is a 400A custom Plasmastar PTAW. As PTAW uses a powder feed, the chemistry
of all welds can be carefully controlled and maintained.

The experimental cooling rate of the welds was measured using a FLIR A6752sc
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Figure 5.4: Schematic of the PTAW process.

thermal camera with a neutral density (ND2) filter to block out the intensity of the arc.
The thermal camera was aligned perpendicular to the weld travel direction to visualize
the weld. The PTAW torch is stationary throughout the welding process which allows
the thermal camera to focus on the weld pool and solidifying bead. The inlet and
outlet thermocouples were used to ensure that a steady steady temperature profile was
established. The inlet and outlet thermocouples also allow for calculation of the total
heat removed during welding, but do not allow for calculation of the cooling rate of the
overlay. Direct measurement of the cooling rate by plunging thermocouple probes into
the weld is difficult for a rapid freezing process such as PTAW and unreliable, as melting
the end of the probe so that the internal wires no longer contact invalidates the results.
Applying a thermocouple to the underside of the welding substrate is equally problematic,
as probe thermocouple cannot be spot welded. Although wire thermocouples can be

directly welded to the underside of the plate, they are not grounded and the proximity
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to the arc causes electromagnetic interference, nullifying the results.

Two sets of welds were completed: one near the minimum flowrate of the system
and one at the maximum flowrate. The absolute minimum flowrate of the system is not
sufficient to prevent damage to the substrate for the parameters necessary to generate a
meaningful overlay. The heat input of both welds was the same and was chosen based on
a parametrization study of CCOs produced using PTAW. The parameters for the tests
are shown in Table 5.2. All tests were completed with a 6 mm torch head to workpiece
distance and with the tip of the electrode recessed 2 mm into the torch vertically. A 3.2
mm tungsten electrode with a 60° tip angle was used for all experiments and was ground
between runs. The flowrates of the inner shielding gas (plasma gas), the powder feed
gas, and the outer shielding gas were 2.5 L/min, 3.0 L/min, and 10 L/min respectively.

The thickness of the substrate was 3.2 mm (1/8”).

Table 5.2: Welding parameters for PTAW experiments.

Test Powder Travel Water
Number Feed Rate Speed Flowrate
(A) (g/min) (mm/min) (L/min)
1 150 63 250 2.0
2 150 63 250 5.0

The chemistry of the CCO chosen has a Cr:C ratio of 7.64. Compared to the alloys
utilized in the study by Wang et al. [90], the alloy used in this study represents a chemistry

between alloy 2 and alloy 3 designed by Wang et al.and is representative of industrially
produced CCOs.
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5.3 Results

The results of the variation of cooling rate are shown in Table 5.3. There is a large
decrease in the average primary carbide size as the flowrate (i.e. the cooling rate) is
increased, which corroborates the link between cooling rate and carbide size. Based on
the measured average primary carbide size around the samples, the null hypothesis “the
thickness of the primary carbides at each cooling rate belong to the same populations” can
be rejected with a 99% confidence (p=1.0x10"7). The analysis of the average primary
carbide size (diameter) was carried out by averaging the average primary carbide size
from ten areas across the sample’s cross sectional surface. The pattern of measurement
for the samples is illustrated in Figure 5.5. The dilution was found to be <1% for the
2 L/min water flowrate and <5% for the 5 L/min water flowrate. The small region on
the left hand side of the 2 L./min water flowrate cross-section has a significant number of
unmelted powders due to a powder feeding issue. As there is a distinct boundary between
the area with unmelted powders and the rest of the overlay, there should be very little

effect on overlay composition from this isolated portion.

Table 5.3: Average primary carbide rod diameter re-
sults for the welding trials as well as the time to cool
from 800°C to 500°C (tg/s)-

Test Average Primary  Water

Number Carbide Diameter Flowrate °/°
(i) (L/min)  (5)

1 44.924-3.84 2.0 21

2 30.89+1.82 5.0 12

Example microstructural images from the samples at each of the cooling rates along
with the processed versions used for measuring carbide size are presented in Figure 5.6.
The processing software is the same as used by Barnes et al. [41] and isolates the carbides

from the matrix by a series of steps. First the images are flattened into a grayscale format,
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Figure 5.5: Placement of microstructural analysis for carbide size measurement across the
cross-sectional surface of the overlays shown by white dashed rectangles. Left: Water flowrate
of 2 L/min. Right: Water flowrate of 5 L /min.

wherein a sub-range of pixels is selected and the rest are discarded. A Gaussian blur
operation is used to blend any artifacts in the image which then undergoes opening and
erosion operations that ensure that the eutectic is distinct from the primary phase. Area
thresholding is then used to remove the eutectic, and each carbide is assigned a distinct
colour as a check to ensure the opening and erosion operations functioned correctly. The
area of the carbides in pixels is then outputted in a histogram with a recorded average
area. The shape of the carbide cross-section was assumed to be hexagonal and the
carbide diameter was calculated from the average area. The images shown in Figure 5.6
represent one of ten areas analysed for each of the cooling rates. It is important to note
that only carbide rods approximately aligned perpendicular to the cross-sectioning plane
were considered for diameter calculation.

For CCOs the solidification range is approximately from 1350°C to 1250° and the
cooling rate within this range is that of interest for primary carbide solidification. Due to
the fluidity of the weld pool and the intensity of the welding arc, the temperature gradient
from the thermal camera in the solidification range was invalidated. The measurement of
cooling rate in this study has been quantified by the tg/5 (CRg/s5) . The tg/5 was selected

as a representative range as it is an important welding value and all variables are identical
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Figure 5.6: Microstructural images of overlay cross-sections. Top Left: Optical microscope
image of low cooling rate (2.0 L/min flowrate) weld. Top Right: Processed image of low cooling
rate weld isolating primary carbide needles oriented perpendicularly to the sectioning plane for
carbide size measurement. Bottom Left: Optical microscope image of high cooling rate (5.0
L/min flowrate) weld. Bottom Right: Processed image of high cooling rate weld for carbide
size measurement.
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outside of the water flowrate through the substrate. Assuming a fast moving heat source
on a thin plate, the cooling rate during the solidification range (C'Rg) could be estimated

by:

CR, T, — Ty \*
~ (—0 ) (5.1)
CRyg/s Tiy,s — 1o

where T}, is the melting temperature of the alloy, 7§ is the preheat temperature, and
Ty, is the approximate temperature of the tg/5 measurement(~750°C).

The tg/5 for each of the flowrates was determined by applying a line scan to the
thermal camera videos once they had reached steady state. Images from the videos are
shown in Figure 5.7 and show the steady state temperature profile. The inlet and outlet
thermocouples of the substrate confirmed that steady state had been achieved. By mea-
suring the temperature profile across a line scan placed at the approximate longitudinal

centreline of the bead, the tg/5 was determined.

Travel Direction 5 Travel Direction

= 0.5 mm
o

Figure 5.7: Images from thermal camera videos during the steady state portion of the exper-
iments taken at the same camera position and the same magnification. Left: Water flowrate of
2.0 L/min. Right: Water flowrate of 5.0 L /min.

A relationship was observed between the liquidus temperature (determined by com-
position) and the primary carbide size based on the results presented by Wang et al. [90]
and Borle [45]. In both studies, the composition of the samples is varied and there was an

observed variation in the primary carbide diameter associated to specific compositions.

In the study of Wang et al.the composition was directly varied between Alloy 1-4 and in
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the study by Borle, the composition varied through altering levels of dilution with polar-
ity. The resulting relationship between carbide size and liquidus temperature (calculated
in Thermo-Calc [51]) is shown in Figure 5.8. The results from the in-situ visualization
experiments of Barnes et al. [81] are also shown on the plot. The composition of the
samples from Wang et al.is assumed to be given from the pure Fe-Cr-C ternary and the
composition of the samples from Borle is assumed to be given by accounting for the

centreline dilution of the CCO.
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Figure 5.8: Plot illustrating the primary carbide diameter measured from the work of Wang et

al. [90], Borle [45], and Barnes et al. [81] against the liquidus temperature predicted by Thermo-
Calc [51].

5.4 Discussion

The results of the study show primary carbide thickness refinement with increased cooling

rates. The quantitative evidence presented here represents a conclusive study building on
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the hypothesis shown by the qualitative study by Wang et al. [90]. Applying the image
analysis software to the microstructural images of the water cooled tests for alloy 2 and
3 presented in the study of Wang et al.and comparing the results to those in this work,
it can be seen that the primary carbides presented in both works are on a similar size
scale (41.24 pm for alloy 2 and 23.56 um for alloy 3). This indicates that the cooling rate
is similar between the tests and additionally implies that composition has a large effect
on primary carbide size, which is hypothesized by Wang et al.and corroborated by the
results presented in Figure 5.8.

Analysis of the thermal camera images at steady state shows the temperature profile
is clearly altered by the varied flowrate of water. Paired with the results of this study,
tg/s effectively represents the large differences in the cooling rate with flowrate.

The volume fraction of primary carbides of both cooling rates was measured at five
random areas spread out across the cross section of the welds by taking a pixel count
of the primary carbides as compared to the total pixels of the microstructural image.
The average volume fractions of the high cooling rate and low cooling rate samples were
found to be 27.5240.33% and 25.824+0.47% respectively. The volume fractions are not
statistically the same, but are close enough to suggest that the composition of both
samples is not a factor in the primary carbide morphology in this case. It is important
to note that unlike the size measurements, all carbides were considered, not just those
aligned perpendicular to the cross-sectioning plane.

It has been hypothesized that the cooling rate of the material can alter the orientation
[90] of the hexagonal primary carbide rods. It is preferable to have the carbide rods
aligned perpendicularly to the direction of wear [26] as the prism faces of the rod are
susceptible to fracture under impact. Impacts resulting in fractures along the long axis
of the carbide could result in complete loss of carbides. For the experiments described in

this study, no evidence of directional solidification parallel to the temperature gradient
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was observed. Experiments involving remelting of CCO plates using laser beam welding
showed that directional cooling of primary carbides is possible at high cooling rates. The
high cooling rates necessary to produce directional cooling would likely result in high
volume fraction of unmelted carbides and would be undesirable [77].

Based on the growth model developed by Barnes et al. [81] describing the growth of
primary M;Cj3 carbide needles, an implication of cooling rate affecting the carbide width
is that the carbide thickness alters the longitudinal growth velocity of the advancing car-
bide needle. The model predicts more rapid growth velocities for thinner carbides, as the
same amount of solute is available for growth. The observation of a relationship between
the liquidus temperature (composition) and the primary carbide thickness in combination
with the observed negligible thickening of the carbides during solidification [81] implies
that carbide thickness is given following nucleation and the very initial portion of growth.
For the study presented in this work, the increased cooling rate would increase the under-
cooling and thereby depress the liquidus temperature which corroborates this hypothesis.
The combination of the diffusion-controlled growth model and understanding the role of

cooing rate allows for prediction of general carbide morphology.

5.5 Conclusions

Analysis on the effect of cooling rate on primary M;Cs carbide needles was completed
systematically for the first time through the use of a cooled substrate, thermal camera
imaging, optical microscopy, and image analysis software for size analysis. This work
represents the first time that the effect of cooling rate on the M;Cs carbide needles is
measured with a quantitative analysis of the primary carbide size and volume fraction.
Based on the results of this study, the primary carbide size decreases with increased

cooling rates.



5.6: Acknowledgements 93
5.6 Acknowledgements

The authors would like to thank Samuel Wilkinson Steel, a division of Samuel, Son &
Co., for providing funding, samples, and their technical expertise. This research was also

funded in part by NSERC (CRDPJ 470231-14) and the AWS Foundation (UA2203790).



5.7: Appendix A 94

5.7 Appendix A

The substrate was initially designed for a copper substrate to allow for welds where
dilution would be completely eliminated. The thickness of the substrate was determined
as the maximum to overcome the large contact resistance associated with initiating an

arc on a copper substrate [92]. Heat conduction through a plane wall has the form of

AT

where Az is the plate thickness, ¢” is the heat flux, k is the thermal conductivity
(W/mK), and the temperature gradient across the plate is AT. The temperature gradi-

ent across the plane wall can be estimated by
AT = TC’u,b - Tdeposit (53)

where Ty, , here is the temperature at the base of the plate and Tgeposit is the temperature
at the top of the plate and base of the overlay. The temperature at the base of the
deposit was chosen as 1100°C, which is above the melting point of copper (1084°C). The
temperature at the base of the copper plate was chosen as the lowest temperature of the
water flowing underneath the plate, which was 20°C. These temperature choices allowed
for an estimation of the plate thickness at the maximum temperature gradient.

Based on the thermal properties of copper [93] and the chosen temperature values,

the maximum plate thickness of 4.33 mm was determined by:

Ar = k TCu,b - Tdeposit (54)

2

q

The design relies on the constant flow of water in direct contact with the base of the
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copper plate to ensure that the heat conducted through the thickness of the copper plate.
To prevent the boiling transformation from occurring in the cooling water, a maximum
temperature of the water was fixed at 50°C. Using an initial ambient water temperature

of 20°C, the flow rate of the water can be described by

q:mOp(Tout _,Tm) :7]]‘/

[Heat into Water| = [Heat from PTAW]|
NIV (5.5)
C, AT

m =

where 112 is the mass flowrate, C,, is the heat capacity of the water, AT is the temperature
increase in the water, I is the welding current, V' is the welding voltage, and n is the
process efficiency of PTAW. The calculated water flowrate of 0.0209 kg/s is equivalent
to 1.25 L/min.

The next step in the design was to determine the depth of the depression into the

polymer base given for water flow. The depth of the (Dy) can be described by

v, 20pTan M
toebp DWy (5.6)
20,uxfd7hW
Dy = ——F—"———
m

where p is the viscosity of the water, W is the width of the channel, p is the density of
the water, and x4 is the hydrodynamic entry length (assumed to be 25.4 mm as the
minimum distance from the point of water entry that welding would occur). Dy was
found to be approximately 1 mm from Equation 5.6.

The assumption of an entry length value was verified by the value of the ratio [93]
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described by

10 < (M) <60 (5.7)
D/ ure
The bounds shown for this ratio are the boundaries of the fully developed turbulent
flow region. The calculated value for th ratio was ~28. The main objective was to
maintain a fully developed flow across the welding region, which is achieved.
To ensure that the heat from welding will not penetrate through the water and into

the polymer base causing melting, the amount of heat penetration must be calculated.

The heat penetration into the water can be represented by

t = darc
=5
o k
pC, (5.8)
m
Ve =
DWp
kd(lTC
L:
pCp Vi

where d,,. is the diameter of the arc, « is the thermal diffusivity of the water, L is the heat
penetration distance, and Cj, is the specific heat capacity of the water. The calculated
heat penetration distance, L = 9 x 107° m, was much less than necessary condition for

fully developed flow, D ~ 1 mm, and therefore the heat will not affect the polymer.



Chapter 6

Conclusions and Future Work

6.1 Conclusions

For the first time, a growth model quantifying the diffusion-controlled lengthening of
primary M;C3 carbides during solidification of CCOs in proposed. The model predicts a
rapid initial transient period of growth followed by steady state growth. When compared
to in-situ visualization experiments completed on a high temperature confocal micro-
scope, the model was found to match closely to experiment for all carbides whose growth
was tracked. The model predicts diffusion-controlled growth along the longitudinal axis
of the faceted primary carbide needles and slow interface-controlled transverse thickening
along the prism faces of the hexagonal prism shaped needles. The mode of growth ob-
served is consistent with that recent models [57] showing a carbide shell morphology. The
model analyses the carbide tip as a mass point sink in the melt and focuses solely on the
diffusion of chromium as carbon, the other main alloying element, has a far higher diffu-
sivity and is therefore not rate limiting. The mass flux along the outer prism faces (270.3
kg/m?s) was found to be negligible (~2 orders of magnitude) compared to the flux onto
the cross-section of the needle and justifies the constant carbide thickness assumed in the
growth model. Due to the nature of the in-situ experiments, only carbides at the surface

were analysed and therefore a half-space assumption was made as well as an assumption

97
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to neglect the initial stages of carbide growth, as nothing can be inferred accurately from
the experiments below the surface of the melt regarding nucleation and the very initial
stages of growth. Research into the nucleation occurring in CCOs is outside the scope
of this project and the subject of future research. The growth of primary carbides was
observed to stall when the diffusion field of the carbide tip impinged on other carbides
solidifying in the melt. This observation is consistent with a diffusion growth mechanism
in which growth stalls as the diffusion field is depleted of solute by a another carbide.
An analysis of the effect of cooling rate on the microstructure of CCOs through the
use of a thermal control substrate has yielded strong preliminary evidence that there is
a strong correlation between the cooling rate and the primary carbide size. The role
of cooling rate on the microstructure of CCOs was previously unclear. The cooling
rate in the thermal control substrate was altered by varying the water flowrate through
the system. By testing at the maximum and minimum flowrates of the substrate with
identical heat input, it was shown that increasing cooling rate decreases the primary
carbide cross-sectional radius. A thermal camera was employed in addition to inlet and
outlet thermocouples in th waterlines to ensure that the cooling rate was being altered.
The ability to control carbide size through cooling rate in conjunction with the growth
model gives the ability to design carbide morphology based on process parameters during
welding while maintaining a constant composition. An additional conclusion from the
study of cooling rate, was that there was a observed link between the liquidus temperature
of the alloy (given by composition) and the thickness of the primary carbides, indicating
that the carbide radius (thickness) is likely given upon nucleation and the initial stages
of growth. This conclusion aligns with the negligible thickening of the primary carbide
needles, as well as the increased cooling rate decreasing the carbide radius, as increasing
the cooling rate would increase the undercooling and depress the liquidus temperature.

The morphology of primary M;C3 carbides was analysed through 3D reconstruction
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of CCO microstructure using serial sectioning, detailed etching, and a specially designed
image analysis software. This software is capable of reconstructing the individual 2D
layers into a 3D model and was created specifically to enable isolation of the primary
carbides form the surrounding eutectic matrix. The primary M;C3 carbides were shown
to be long needle-shaped hexagonal prismatic rods that appear as different morphologies
based on the sectioning plane, settling a long standing debate in literature.

An investigation into large anomalous features observed in the microstructure of
CCOs revealed the features to be unmelted powder granules. The investigation consisted
of micro-hardness testing, AES analysis, EDX analysis, and EBSD analysis. EBSD char-
acterization of the unmelted powder granules showed that they are a distinct composition
of the same orthorhombic M;C3 phase as the primary carbides. The relevance of the pres-
ence of unmelted powder granules, described as large anomalous features, is that they
contain high concentrations of Cr and C which are necessary to form primary carbides.
It has been shown that increasing the cooling rate (lower the heat input) of CCOs can
lead to lower dilution and therefore maintain the chemistry of the weld by decreasing
the mixing with the low carbon steel base material. A consequence of lowering the heat
input is that there is an increased volume fraction of unmelted powder granules which
decreases the volume fraction of primary carbides. A careful balance must be maintained
between decreasing the heat input and having a low volume fraction of unmelted powder
granules to achieve the best wear properties.

The investigation of various features of CCOs, the development of a novel growth
model to describe the diffusion-controlled longitudinal growth of primary M;Cs carbides,
and the analysis of the effect of cooling rate on CCO microstructure all serve to improve
understanding regarding the solidification and microstructure of CCOs. Improved un-
derstanding enables tailoring of specific properties of CCOs such as primary carbide size

and distribution and allows for overlay optimization.
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6.2 Future Work

To extend the work presented here, the following aspects of future work are proposed:

e Perform additional in-situ visualization experiments and Find faceted carbide nee-
dles exhibiting similar features to primary M;C3 carbides to test the versatility of

the proposed growth model.

e Combine proposed carbide needle growth model with quantitative effect of cooling

rate analysis to predict carbide morphology.

e Extend conclusions drawn from this work to establish a nucleation mechanism for

the primary carbides.
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Appendix A. MATLAB Code for
Chapter 4

Included in this appendix are the MATLAB [94] code files used to output the comparison
plots between the in-situ visualization experiments and the diffusion-controlled growth

model.

7.1 Main code for plotting all experimental data and

model curves for all four carbides.

[

% List all experimental data points from carbide tracking in the videos.

z_.01 = [0 145.796];
z_.02 = [0 360.469];
z_.03 = [0 288.375];
z_.04 = [0 499.662];
tz = [0 10];

zh_ 01 = [0 83.446];
zh_ 02 = [0 206.313];
zh_ 03 = [0 165.051];
zh_ 04 = [0 285.980];
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7.1: Main code for plotting all experimental data and model curves for all four carbides.109

xexp-01

[0 8 14 24 34 40 46 51 55 63 70 70.4 75 78 80 80.4 81.4 81.4

81.8 87.8 91.81];

texp-01

5.89 6.

xexp-02

texp_02

1.86 1.

xexp-03

[0 0.13 0.27 0.46 0.93 1.32 2.05 2.45 2.71 3.37 3.9 4.1 4.96
95 7.48 8.34 9.59 11.58 12.11 12.44];

[0 10 18 24 32 36 40 60 61 64 66 68 70 71 79 81 83 83];

[0 0.07 0.14 0.2 0.34 0.47 0.6 0.8 0.93 1.26 1.53 1.66 1.79
99 2.19 2.45 2.78];

[0 2 6 10 12 16 18 22 24 28 36 46 50 62 68 74 82 84 85 86 87

88 88 89 89];

texp-03

[0 0.07 0.14 0.2 0.27 0.34 0.4 0.47 0.53 0.6 0.67 0.8 0.87

1.06 1.13 1.26 1.33 1.39 1.46 1.79 1.99 2.19 2.32 2.72 2.85];

xexp-04

[0 10 16 24 34 35 42 48 54 62 68 76 84 88 92 94 98 100 102

104 106 110 112 114 116 118 120 122 124 126 128 134 138 146 150 154

158 162 164 166 168 170 172 174 180 182 184 186];

texp_04

0.92 0.

1.98 2.

2.98 3.

[

[0 0.06 0.13 0.2 0.26 0.33 0.4 0.46 0.53 0.59 0.66 0.73 0.86
99 1.06 1.12 1.26 1.32 1.39 1.45 1.52 1.59 1.65 1.79 1.92
05 2.18 2.25 2.31 2.38 2.45 2.51 2.65 2.71 2.78 2.84 2.91

11 3.17 3.24 3.37 3.57 3.64 3.7 3.77];

% Define step size and size of for loop.

t = linspace(0,15,1000);

for 1 =

end

l:size(t,2)

yfunction_5CR_01_.01 (t (1)) ;
yfunction_5CR_01.02 (t (1)) ;
yfunction_ 5CR_01_03(t(i));

yfunction_5CR_01.04 (t (1)) ;

% Plot Figure for carbide 5CR_01_01.

figurel

figure('Color',[1 1 11);
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7.1: Main code for plotting all experimental data and model curves for all four carbides.110

set (groot, 'defaultAxesTickLabellInterpreter',6 'latex'); set (groot,
'defaultLegendInterpreter', 'latex');

axesl = axes('Parent', figurel, 'Linewidth',1.25, 'FontSize',18);

box (axesl, 'on'");

hold (axesl, 'all');

hl = plot(t,x, 'color',[0.1 0.1 0.1], "linewidth',2);

hold on

h5 = plot (texp-01,xexp-01,'-k."','color',[0.1 0.1
0.1], 'linewidth', 1.5, '"MarkerSize', 16);

hold on

plot(4.1,70.4, 'kx'"', '"MarkerSize',18, 'linewidth',2);

hold on

h9 = plot(tz,z.01,"'--k','color',[0.1 0.1 0.1], '"linewidth',2);

hold on

h10 = plot(tz,zh 01, '"':k','color',[0.1 0.1 0.1], '"linewidth',2);

set (gcf, 'Units', 'Inches', 'Position', [0, 0, 8, 6], 'PaperUnits',

'"Inches', 'PaperSize', [7.25, 9.125])

xlabel ("\bf{t (s)}','FontSize',18, 'Interpreter’',
'latex', '"FontWeight', 'bold")

vlabel ("\bf{x} (\boldmath$\mus\bf{m})', 'FontSize',18, " 'Interpreter’',
'latex"')

legend([hl h5 h9 hl0], 'Model 5CR\_01\_.01"', 'Observation
5CR\_01\-01", 'Zener 5CR\_01\_-01", 'Zener-Hillert 5CR\_-01\_01")

set (legend, 'Interpreter', 'latex',6 '"FontSize',14)

axis ([0 8 0 2001);

ax = gca;

outerpos = ax.OuterPosition;

ti = ax.TightInset;

left = outerpos(l) + ti(l);

bottom = outerpos (2) + ti(2);

ax_width = outerpos(3) - ti(l) - ti(3);
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7.1: Main code for plotting all experimental data and model curves for all four carbides.111

ax_height = outerpos(4) - ti(2) - ti(4);

ax.Position = [left bottom ax_width ax_height];

P = pbaspect;

pos = get (gca, 'Position');

axl=axes ('position',pos, 'visible', 'off");

axis ([0 1 0 p(2)]); axis('equal'); axis('manual'); hold on;

darr([0.3 0.5],[0.38 0.26],'k",0.02,0.02); hold on;

text (0.22,0.4, '\bf{Impingement}', 'Interpreter', 'latex', 'FontSize',16);

% Plot Figure for carbide 5CR_01_.02.

figure2 = figure('Color',[1 1 11);

set (groot, 'defaultAxesTickLabellInterpreter', 'latex'); set (groot,
'defaultLegendInterpreter', 'latex');

axesl = axes ('Parent', figure2, 'LineWidth',1.25, '"FontSize',18);

box (axesl, 'on'");

hold(axesl, 'all');

h2 = plot(t,y,'color',[0.1 0.1 0.1], "linewidth',2);

hold on

h6 = plot (texp-02,xexp-02,'-k."', " 'color',[0.1 0.1
0.1], '"linewidth', 1.5, "MarkerSize', 16);

hold on

plot (0.73,53, 'kx', "MarkerSize',18, "linewidth', 2)

hold on

hll = plot(tz,z.02,'--k','color',[0.1 0.1 0.1], '"linewidth',2);

hold on

hl12 = plot(tz,zh.02,'"':k','color',[0.1 0.1 0.1], '"linewidth',2);

set (gcf, 'Units', 'Inches', 'Position', [0, 0, 8, 6], 'PaperUnits',

'Inches', 'PaperSize', [7.25, 9.125])
xlabel ("\bf{t (s)}','FontSize',18, 'Interpreter’',

'latex', '"FontWeight', 'bold")



7.1: Main code for plotting all experimental data and model curves for all four carbides.112

sa ylabel ("\bf{x} (\boldmath$\mu$\bf{m})', 'FontSize',18, ' 'Interpreter’',
'latex'")

85 legend([h2 h6 hll hl2], 'Model 5CR\_.01\_02', 'Observation
5CR\_-01\_.02"', "Zener 5CR\_01\_02"', 'Zener-Hillert 5CR\_.01\_02")

g6 set (legend, 'Interpreter', 'latex',6 '"FontSize',14)

g7 axis ([0 8 0 2001);

88 ax = gca;

89 outerpos = ax.OuterPosition;

90 ti = ax.TightInset;

91 left = outerpos(l) + ti(l);

92 bottom = outerpos(2) + ti(2);

93 ax_width = outerpos(3) - ti(l) - ti(3);
94 ax_height = outerpos(4) - ti(2) - ti(4);
95 ax.Position = [left bottom ax_width ax_height];

96 P = pbaspect;

97 pos = get(gca, 'Position');

98 axl=axes('position',pos, 'visible','off");

99 axis ([0 1 0 p(2)]); axis('equal'); axis('manual'); hold on;

o darr([0.48 0.105],[0.15 0.19],'k"',0.02,0.02); hold on;

101 text(0.5,0.15, '\bf{Impingement}', 'Interpreter', 'latex', 'FontSize',16);

102

103

104 % Plot Figure for carbide 5CR_01_03.

105 figure3 = figure('Color',[1 1 17]);

106 set (groot, 'defaultAxesTickLabelInterpreter', "latex'); set(groot,
'defaultlLegendInterpreter', 'latex');

107 axesl = axes('Parent', figure3, 'LinewWidth',1.25, 'FontSize',18);

108 box (axesl, 'on');

109 hold(axesl, 'all');

110 h3 = plot(t,z,'color',[0.1 0.1 0.1], '"linewidth',2);

111 hold on



7.1: Main code for plotting all experimental data and model curves for all four carbides.113

112 h7 = plot (texp-03,xexp-03,'-k."', " 'color',[0.1 0.1
0.1], 'linewidth',1.5, "MarkerSize',16);

113 hold on

114 plot(1.39,84, 'kx', '"MarkerSize',18, 'linewidth', 2)

115 hold on

116 hl3 = plot(tz,z.03,"'--k','color',[0.1 0.1 0.1], '"linewidth',2);

117 hold on

118 hl4 = plot(tz,zh 03,'"':k','color',[0.1 0.1 0.1], "linewidth',2);

119 set (gcf, 'Units', 'Inches', 'Position', [0, 0, 8, 6], 'PaperUnits',
'Inches', 'PaperSize', [7.25, 9.125])

120 xlabel ('\bf{t (s)}','FontSize', 18, 'Interpreter’,
'latex', '"FontWeight', 'bold")

121 ylabel ("\bf{x} (\boldmath$\mu$\bf{m})', 'FontSize',18, 'Interpreter’,
'latex"')

122 legend([h3 h7 hl3 hl4], 'Model 5CR\_01\_03'", 'Observation
5CR\_-01\_.03", 'Zener 5CR\_01\_03"', 'Zener-Hillert 5CR\_.01\_03")

123 set (legend, 'Interpreter', 'latex',6 'FontSize',14)

124 axis ([0 8 0 200]);

125 ax = gca;

126 outerpos = ax.OuterPosition;

127 ti = ax.TightInset;

128 left = outerpos(l) + ti(l);

129 bottom = outerpos(2) + ti(2);

130 ax_width = outerpos(3) - ti(l) - ti(3);

131 ax_height = outerpos(4) - ti(2) - ti(4);

132 ax.Position = [left bottom ax_-width ax_height];

133 p = pbaspect;

134 pos = get(gca, 'Position');

135 axl=axes ('position',pos, 'visible','off'");

136 axis ([0 1 0 p(2)]); axis('equal'); axis('manual'); hold on;

137 darr([0.2 0.175],([0.58 0.32],'k"',0.02,0.02); hold on;



7.1: Main code for plotting all experimental data and model curves for all four carbides.114

138 text(0.12,0.6, '\bf{Impingement}', 'Interpreter', 'latex', 'FontSize',16);

140 % Plot Figure for carbide 5CR_01_04.

141 figured = figure('Color',[1 1 11]);

142 set (groot, 'defaultAxesTickLabelInterpreter', 'latex'); set (groot,
'defaultLegendInterpreter', 'latex');

143 axesl = axes('Parent', figured, 'LinewWidth',1.25, 'FontSize',18);

144 box (axesl, 'on');

145 hold(axesl, 'all');

146 h4 = plot(t,w,'color',[0.1 0.1 0.1], "'linewidth',2);

147 hold on

148 h8 = plot (texp_-04, xexp_04,'-k."', " 'color',[0.1 0.1
0.1], '"linewidth', 1.5, "MarkerSize', 16);

149 hold on

150 plot(1.06,94, 'kx', '"MarkerSize',18, 'linewidth', 2)

151 hold on

152 hl5 = plot(tz,z-04,"'--k','color',[0.1 0.1 0.1], "linewidth',2);

153 hold on

154 hl6 = plot(tz,zh_04,':k','color',[0.1 0.1 0.1], '"linewidth',2);

155 set (gcf, 'Units', 'Inches', 'Position', [0, 0, 8, 6], 'PaperUnits',
'Inches', 'PaperSize', [7.25, 9.125])

156 xlabel ('\bf{t (s)}','FontSize', 18, 'Interpreter’,
'latex', '"FontWeight', 'bold'")

157 ylabel ("\bf{x} (\boldmath$\mu$\bf{m})', 'FontSize',18, 'Interpreter’,
'latex'")

158 legend([h4 h8 hl5 hl6], 'Model 5CR\_01\_.04', 'Observation
5CR\_-01\_.04"', 'Zener 5CR\_01\_04"', 'Zener-Hillert 5CR\_.01\_04")

159 set (legend, 'Interpreter', 'latex',6 'FontSize',14)

160 axis ([0 8 0 200]);

161 ax = gca;

162 outerpos = ax.OuterPosition;
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7.2: Root code for carbide 5CR_01_01

ti = ax.TightInset;

left = outerpos(l) + ti(l);

bottom = outerpos(2) + ti(2);

ax_width = outerpos(3) - ti(l) - ti(3);

ax_height = outerpos(4) - ti(2) - ti(4);

ax.Position = [left bottom ax_width ax_height];

P = pbaspect;

pos = get (gca, 'Position');

axl=axes ('position',pos, 'visible', 'off");

axis ([0 1 0 p(2)]); axis('equal'); axis('manual'); hold on;

darr([0.59 0.15],[0.2 0.34],'k"',0.02,0.02); hold on;

text (0.6,0.2, '\bf{Impingement}', 'Interpreter', 'latex', 'FontSize',16);

[

% Save figures to file.

print (figurel, 'xvst5CR_.01.01.jpg', "-djpeg', "-r1000");
print (figure2, 'xvst5CR.01.02.Jpg', "-djpeg', "-r1000");
print (figure3, 'xvst5CR.01.03.jpg', "-djpeg', "-r1000");

print (figured, 'xvst5CR_01.04.Jpg', '-djpeg', "-r1000");

end

7.2 Root code for carbide 5CR 01 01

function y = yfunction_5CR_01_.01 (t)
% Define all variables.

Do = 1.85e-07;

Q = 60500;

ro = 1.25e-05;
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7.3: Root code for carbide 5CR_01_02

% ri = 0.3e-05;

$ A = pi*x((ro"2)-(ri~2));
R = 8.314;

fcrinft = 0.267;

fcre = 0.222;

fcrs 0.578;
ffes = 0.314;

ffee

0.709;
TO = 1225.88;
TC = TO - (t=5);

TK

TC + 273.15;
D = Doxexp (-Q./ (R*TK)) ;
Di = Dox*exp (-Q/ (R* (T0+273.15)));

constl = (2.xD)./(ro);

const?2 (6900/6600) x (fcrinft - fcre);

const3 = (fcrs - (ffes/ffee)xfcre);

[

t0 = (ro”2)/Di;

[

% Define velocity.

U = @(t)

% Calculate initial time boundary condition.

116

1e06.+ (constl.*const2.x(1./const3) .+ (1l./(erfc(ro./sqrt(4.+«D.x(t+t0))))));

$Calculate velocity.

y = quad(U,0,t);

end

7.3 Root code for carbide 5CR _01 02
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7.3: Root code for carbide 5CR_01_02 117

function y = yfunction_5CR_01_01 (t)
% Define all variables.

Do = 1.85e-07;

Q = 60500;

ro = 1.25e-05;

% ri = 0.3e-05;

S A = pix((ro™2)-(ri~2));

R = 8.314;

fcrinft = 0.267;

fcre 0.222;
fcrs = 0.578;

ffes

0.314;

ffee = 0.709;

TO = 1156.72;

TC = TO - (t*5);

TK = TC + 273.15;

D = Doxexp (-Q./ (R*TK)) ;

Di = Doxexp (-Q/ (Rx (T0+273.15)));
constl = (2.%D)./(ro);

(6900/6600) = (fcrinft - fcre);

const?2
const3 = (fcrs - (ffes/ffee)xfcre);
% Calculate initial time boundary condition.

t0 = (ro"2)/Di;

% Define velocity.

U = @(t)

1e06.x (constl.*const2.* (1./const3).x(1./(erfc(ro./sqrt (4.+«D.x (t+t0))))));

S$Calculate velocity.
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7.4: Root code for carbide 5CR_01_03

y = quad(U,0,t);

end

7.4 Root code for carbide 5CR _01 03

function y = yfunction_5CR_.01_.03 (t)

% Define all variables.

Do = 1.85e-07;

Q = 60500;

ro = 0.5e-05;

$ ri =

0.3e-05;

$ A = pix((ro”2)-(ri~2));

R = 8.314;
fcrinft 0.267;
fcre = 0.222;
fcrs = 0.578;
ffes = 0.314;
ffee = 0.709;

TO = 1156.72;

TC = TO

TK = TC + 273.15;

(tx5);

D = Doxexp (-Q./ (R*TK)) ;

Di = Doxexp (-Q/ (R* (T0+273.15)));

constl

const?2

const3

(2.%D1)

(6900/6600)  (fcrinft - fcre);

(fcrs -

./ (ro);

(ffes/ffee) xfcre);
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7.5: Root code for carbide 5CR_01_04

[

t0 =

% Define velocity.

(ro”"2)/Di;

% Calculate initial time boundary condition.

U = @(t)

1e06.x (constl.*const2.* (1./const3) .x(1./(erfc(ro./sqrt (4.+«D.*x (t+t0))))));

$Calculate velocity.

y = quad(U,0,t);

end

7.5 Root code for carbide 5CR _01 04

function y = yfunction_5CR_.01.04 (t)
% Define all variables.

Do = 1.85e-07;

Q = 60500;

ro = 0.3e-05;

% ri = 0.3e-05;

10

11
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13

14

$ A = pix((ro™2)—(ri"2));
R = 8.314;

fcrinft = 0.267;

fcre = 0.222;

fcrs = 0.578;

ffes = 0.314;

ffee = 0.709;
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7.5: Root code for carbide 5CR_01_04

TO = 1167.74;

TC = TO - (t*5);

TK = TC + 273.15;

D = Doxexp (-Q./ (R*TK)) ;

Di = Doxexp (—-Q/ (R (T0+273.15)));
constl = (2.%Di)./(ro);

const2 = (6900/6600) *x (fcrinft - fcre);

const3 (fcrs — (ffes/ffee)*fcre);

% Calculate initial time boundary condition.
t0 = (ro”2)/Dij;

% Define velocity.

U = @(t)

1e06.x (constl.*const2.* (1./const3).»(1./(erfc(ro./sqrt (4.+D

S$Calculate velocity.

y = quad(U,0,t);

end
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Appendix B. Thermo-Calc Code for
Chapter 4

Included in this appendix is the Thermo-Calc [51] code file used to output the Scheil
solidification prediction of the CCO alloy tested in the in-situ visualization experiments

detailed in Chapter 4.

8.1 Thermo-Calc Code for Scheil Solidification

go scheil
1
tcfeb

fe

Ccr

26.7

3.41
mn

2.39

121



8.1: Thermo-Calc Code for Scheil Solidification 122

mo

0.8

0.24

0.02

si

0.53

1500

*

fcc 1iq cem m7c3

D:\Scheil_ICP_nofd y

0.4

D:\Scheil_ICP_nofd.ps



8.1: Thermo-Calc Code for Scheil Solidification 123

y
D:\Scheil _ICP_nofd.txt

yes

0.4

Scheilcomp_ICP_nofd

y
Scheilcomp_ICP_nofd.txt

y

t
ns (cem)

n

y
6

yes

0.4

Scheil_ICP_nofd_mf (cem)



8.1: Thermo-Calc Code for Scheil Solidification 124

y
Scheil_ICP_nofd_mf (cem) .txt

y

t
ns(m7c3)

n

y
6

yes

0.4

Scheil_ ICP_nofd_mf (m7c3)

y
Scheil _ICP_nofd_mf (m7c3) .txt

y

t
ns(fcc)

n

y
6

yes

0.4

Scheil_ICP_nofd_mf (fcc)
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y
Scheil_ICP_nofd_mf (fcc) .txt

y

t
nv(cem)

n

y
6

yes

0.4

Scheil_ICP_nofd_mv(cem)

y

Scheil_ICP_nofd_mv(cem) .txt

y

t
nv(m7c3)

n

y
6

yes

0.4

Scheil ICP_nofd_mv(m7c3)



8.1: Thermo-Calc Code for Scheil Solidification 126

y

Scheil_ICP_nofd_mv(m7c3) .txt

y
t
nv(fcc)
n
y
6

yes

0.4

Scheil_ICP_nofd_mv(fcc)

y
Scheil _ICP_nofd_mv(fcc) .txt

n

exit
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