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Abstract

Solidification is considered as a key processing step in developing the
microstructure of most metallic materials. It is, therefore, important that the
solidification process can be designed and controlled in such a way so as to
obtain the desirable properties in the final product. Rapid solidification
refers to the system’s high undercooling and high cooling rate, which can
yield a microstructure with unique chemical composition and mechanical
properties. In order to control the rapidly solidified microstructure and
achieve the decent mechanical properties, an understanding of the effects of
some important processing parameters such as undercooling and cooling
rate on the microstructure need to be considered. An area of interest in rapid
solidification application is high-chromium, high-carbon tool steels which
experience considerable segregation of alloying elements during their

solidification in a casting process.

In this dissertation, the effect of rapid solidification (undercooling
and cooling rate) of D2 tool steel on the microstructure and carbide
precipitation during annealing was explored. In order to produce rapidly
solidified particles and spray deposits of D2 tool steel, impulse atomization
technique was used. A methodology is described to estimate the eutectic
and primary phase undercooling of solidifying droplets. The estimate of
primary phase undercooling was confirmed using an online measurement

device that measured the radiation energy of the droplets (this device is



termed DPV-2000). It was found that DPV-2000 can provide an estimate of

the droplet temperature post recalescence.

The results showed that in D2 tool steel, the primary phase and
eutectic undercooling, as well as cooling rate, have a significant effect on
the development of the microstructure and constituent phase fractions. With
increasing primary phase and eutectic undercooling and higher cooling rate,
the amount of supersaturation of alloying element in metastable retained
austenite phase also increases. Large amounts of supersaturation of alloying
elements in powder particles result in the formation of fine carbide
precipitates during post-annealing of particles. Microstructural investigation
of spray deposits showed similar amounts of eutectic fraction and, as a
result, similar eutectic undercooling in the spray deposits, as compared with

individual single powder particles.

In the case of powders, the optimum hardness after heat treatment is
achieved at different temperatures for constant periods of time. Higher
supersaturation of austenite results in obtaining secondary hardness at
higher annealing temperature. An intermediate level of supersaturation of
about 25 yielded the best hardness after heat treating at 550°C for two
hours. Supersaturation is defined as supersaturated concentration of alloying
elements divided by equilibrium concentration of alloying elements in the

austenite.

D2 steel ingots generated using spray deposition have high eutectic

undercooling and, as a result, high supersaturation of alloying elements.



This can yield near net shape D2 tool steel components with good
mechanical properties (specifically hardness). The data developed in this
work would assist in better understanding and development of near net

shape D2 steel spray deposit products with good mechanical properties.
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Chapter 1

1. Introduction

The properties of metals and alloys are determined by their microstructure
and chemical composition. One of the important steps in generating a
microstructure is the solidification step. Currently, many alloys undergo
post-cast heat treatment or hot/cold working and are not used in the as cast
condition. Despite this fact, the primary microstructure obtained from

solidification plays an important role in the final microstructure.

Therefore, it is so important to design and control the solidification
process in such a way that the final product obtains the desirable properties.
For instance, materials with a fine microstructure have higher yield strength
and fracture toughness compared to materials with a coarser microstructure
[1]. In order to control the solidification step, some important parameters
such as undercooling and cooling rate need to be considered. Variation of
these two parameters can produce different structures in materials. Cooling
rate is the rate at which the heat is extracted from the sample. Undercooling
is the process by which the temperature of the liquid is lowered below its
equilibrium solidification temperature while still remaining a liquid. More
detailed information about cooling rate and undercooling will be given in

Section 2.2.

Microsegregation is another parameter which affects mechanical

properties of the final product. Non-uniform distribution of alloying
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elements within the volume of a solidified microstructure is termed
segregation [2]. If this non-uniformity is at the scale of dendrite spaces
and/or grain size, it is called microsegregation. For example, when some
binary alloys solidify, the solute is rejected by the solid during
solidification. This leaves a solute-poor composition profile in the center of
the dendrite and a solute-rich composition profile at the position where a
dendrite impinges on the one growing next to it (the last region to freeze).
This is called coring. If the spatial variation in composition occurs in the
alloy ranges in scale from several millimetres to centimetres or even meters,

it is called macrosegregation [3].

In order to refine the microsegregated structure, homogenization
heat treatment can be done at long enough time and temperature. This
makes homogenization an expensive process. According to Kurz and Fisher
[4], the homogenization time is proportional to the square of the length
scale of the material’s microstructure due to diffusional processes.
Therefore, a coarse microstructure of a casting sample takes longer to
homogenize compared to that of a fine microstructure. Therefore, it would
be best to refine the microstructure by means of different techniques in
order to reduce the amount of time spent to remove the microsegregation in

the microstructure.

Rapid solidification modifies the microstructure of the alloys in
order to get a finer microstructure with less microsegregation. The term

rapid solidification refers to the system’s high undercooling and cooling
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rate, which result in a deviation of the formed phases and their composition
from equilibrium condition [5]. Three different definitions of the term

“cooling rate” have been provided by Eskin et al. [6]:

1. Ratio of solidification temperature range and the time that takes
for an alloy to pass this temperature range,

2. Slope of the time-temperature graph (thermal history),

3. The heat extraction rate during solidification.

Definition number 1 for cooling rate are used in this work and can

be written as:

s _ AT,

= Eq. 1.1
tst,
where AT; is the solidification range and tg is the time required for an alloy

to pass this temperature range. Cooling rate is usually expressed in Ks™.

In order to have nucleation of a new phase, a nucleation energy
barrier must be overcome. Undercooling is required to overcome this
energy barrier. This undercooling also provides a driving force for the

nucleation of a particular solid phase [4].

As described previously, rapid solidification can yield a
microstructure with unique chemical composition and mechanical
properties. An area of interest in rapid solidification applications is high-
chromium high-carbon tool steels which experience considerable
segregation of alloying elements during their solidification in the casting

process. The major alloying element in this group of steels is chromium
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(nominal concentration of 12%). Higher amounts of other alloying elements
such as manganese, silicon, nickel, molybdenum and vanadium may also be
added to these tool steels. The first solidified crystals have high
concentration of iron. During solidification, other alloying elements such as
carbon and chromium are rejected into the interdendritic regions and
carbides will form in these regions [7]. Size and distribution of these
carbides play important roles in the final properties of tool steels. It has
been shown by Blaha et al. [8] that the formation of fine and well-
distributed carbides in the matrix result in good mechanical properties for

the alloy in the case of hardness, fracture toughness and wear properties.

The goal of this project is to study the effect of rapid solidification
(different cooling rate and undercooling values) on the microstructure and
mechanical properties through quantification of the microstructure.
Although considerable work has been done on rapid solidification of high-
alloy steel, a systematic effort on the effect of undercooling and cooling rate
on the final properties on high-chromium high-carbon steels is still missing.
D2 tool steel has been chosen for this work because there are significant
amounts of carbon and carbide forming elements in this alloy which
increase the chance of microsegregation of alloying elements in the
microstructure. The study also looks at the carbide precipitation behaviour
of the supersaturated primary phase as a result of rapid solidification, since
the size and distribution of these carbides play an important role in

determining the final properties of the alloy and carbide precipitation
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behaviour is strongly affected by the rapid solidification characteristics.
Impulse Atomization (IA) has been utilized in order to study the rapid

solidification of D2 tool steel droplets.

In order to measure the real undercooling values of the droplets
during rapid solidification, experimental and modelling analyses are
combined and the possibility of such measurements using a two color

pyrometer is investigated.

Correlation of rapid solidification characteristics in a droplet to a
near-net shape product (produced by spray deposition) is also interesting.
Therefore, this study presents an understanding of some properties in spray
deposits based on rapid solidification concepts applied in the solidification

of droplets.

Neutron diffraction (ND), x-ray diffraction (XRD), scanning
electron microscopy (SEM), transmission electron microscopy (TEM) and
the hardness measurements have been used in order to evaluate the powders
and spray deposited samples. Also, using online measurements techniques,
thermal and solidification behaviour of the falling droplets during the 1A

process are investigated.

1.1. Thesis outline

Chapter 2 will review general information associated with solidification,
rapid solidification techniques, tool steels and methods of characterization

associated with this work. At the end of this chapter, the objectives and
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motivation of this work will be defined. Chapter 3 presents the experimental
procedures that were used to achieve the study objectives. Chapter 4 mainly
focuses on the microstructural analysis of D2 tool steel as a result of rapid
solidification and the effect of undercooling and cooling rate on the final
microstructure and phases. Chapter 5 includes efforts for the online real-
time diagnostics of the droplets during free fall in order to measure real
values of undercooling during solidification. In Chapter 6, the effect of
annealing on the rapidly solidified D2 tool steel will be discussed. Chapter 7
is devoted to the microstructural investigation of spray deposited D2 tool
steel using the IA technique. Chapter 8 contains general discussion and

conclusions along with recommendations for future work.
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Chapter 2

2. Literature Review

There are different processes to generate microstructures that are metastable
or non-equilibrium. Some examples are mechanical alloying, rapid
solidification (e.g., atomization, melt spinning, etc.), chemical and vapor
deposition, and spray processes (e.g., plasma spraying, thermal spraying
and spray atomization and deposition) [9]. Before explaining the rapid
solidification methods addressed in this work, it is necessary to describe the
D2 tool steel which has been used in this project. Therefore, the following
section will discuss different types of tool steels, especially D2 tool steel
and its microstructure. Since carbide formation from a supersaturated
microstructure during rapid solidification is important, a section will
address the precipitation phenomena especially carbide precipitation from a
supersaturated matrix. Also, in order to better understand rapid
solidification, the fundamentals of solidification, specifically nucleation,
growth and undercooling will be discussed. Some methods of
characterization that are wused in analysis of rapidly solidified

microstructures will be introduced briefly at the end of this chapter.

2.1. Tool steels
Tool steels usually contain significantly more alloying elements than alloy
steels [7]. Alloying elements are added to plain carbon steel to obtain

certain properties such as high wear resistance for cutting or abrasion, high
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toughness or strength and “red hardness” defined as the tool’s ability to do

its work at high temperatures that would soften plain carbon steel [10].

Each alloying element in a tool steel, such as tungsten, chromium,
molybdenum and vanadium, has a specific effect on the mechanical
properties [11]. Addition of alloying elements can change the nature and
amount of the carbide phases that form in the steel. Also, they can change
different characteristics such as: the amount of carbide solution, stability of
carbides, grain growth during heating, hardenability, martensite start and
finish temperatures, etc. [7]. Mechanical properties of tool steels can be
improved by the formation of finer grain sizes, finer carbides and a uniform
distribution of carbides for a given volume fraction of carbides [11]. When
a tool steel is slowly cooled during solidification, the carbides form as a
result of segregation during solidification. Under such conditions, these
carbides would have a non-uniform distribution and would tend to be coarse

in size leading to detrimental ductility and wear of the alloy [11].

2.1.1. Manufacturing of tool steels

Traditionally, tool steels are produced using ingot casting processes
(conventionally processed tool steels). During these processes, a tool steel is
produced and melted using different processes such as electric arc furnace
(EAF), electroslag remelting (ESR) and vacuum arc remelting (VAR).
Based on the application, tool steels undergo different forging and/or rolling
steps. Hot workability of tool steels strongly depends on the range of

alloying elements in the steel. Tool steels with a high amount of alloying
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elements are the most difficult ones to hot work. In addition to achieving
the required shape and dimensions in the final products, another purpose of
hot working is to improve the properties of the final tool steel product.
Based on the application, in some cases hot and cold drawing are also

applied to the tool steels [7].

Recently, advances in powder metallurgy (PM) techniques have
resulted in the production of high alloyed steels using this technique. Slow
cooling rates in ingot casting processes result in the formation of coarse
grains as well as coarse carbides. Breaking down these coarse carbides
during the hot working step is difficult. Gas and water atomization
techniques are usually used in PM techniques (these methods will be further
discussed in Section 2.3). The final product can be produced by compacting
and sintering the produced powder by the PM process. Because of
formation of fine and well-distributed carbides during PM process,

machinability of the PM parts is improved [7].

2.1.2. Categories of tool steels

There are several varieties of tool steels and therefore, they need to be
categorized into different alloy steel systems. Based on their chemical
compositions and application, tool steels are categorized into different
groups. One of the methods to classify tool steels is proposed by the
American Iron and Steel Institute (AISI) [11]. The major categories of the

tool steels are listed as follows [7]:

e Water-hardening tool steels (W)

9|Page



e Shock-resisting tool steels (S)

e Special-purpose tool steels (L and F)
e Cold work tool steels (O, A and D)

e Hot work tool steels (H)

e High speed tool steels (T and M)

In all tool steel groups, the properties and application are the main
criteria for comparison, except for the first group, water-hardening tool
steels. In this group, the classification is based on the manner of the heat
treatment. Some groups are divided into sub-categories. For example, cold
work tool steels are divided into oil-hardening types (O), medium-alloy air

hardening types (A) and high-carbon high chromium types (D).

D-type tool steels are among the most important tool steels. Five D-
series tool steels are commonly available. Basically, all five have the same
type of microstructure (carbides, but in different amounts) and they differ
only by minor changes of chemical composition. The nominal composition
of chromium is about 12wt.%, which is the major alloying element. The
high carbon and alloy content in these alloys results in a large volume
fraction of high-hardness alloy carbides which is the main reason these
alloys have excellent wear resistance [7]. Although there is high amount of
chromium in D-type tool steels, chromium content is not high enough to
achieve a high level of corrosion resistance as compared to stainless steels.

This is mainly because most of the chromium is used in forming alloy
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carbides. However, there is a good oxidation resistance behaviour at high

temperatures [7].

2.1.3. Carbides in tool steels

Different types of carbides available in tool steels are listed in Table 2.1.
Some of the characteristics of these carbides are also described in Table 2.1.
The letter M in the carbide formula indicates the metal content of the

carbide (which can be more than one metal component) [7,12].

Table 2.1. Characteristics of alloy carbides in tool steels [7]

Type of carbide Lattice type Remarks

Cementite (Fe;C) type carbide. M: iron,
manganese, chromium and a little tungsten,

M;C Orthorhombic molybdenum, vanadium.
This carbide found mostly in chromium alloy
steels. At higher temperatures, resistant to

M;C; Hexagonal dissolution. Hard and abrasion resistant. Product
of tempering.

MisCe FCC Found in high-chromium steels and all high-speed

steels.

Carbide rich in tungsten or molybdenum.
Contains some amounts of chromium, vanadium,

McC FCC cobalt. Formed in all high-speed steels. Highly
resistant to abrasion

W,C type of carbide. Rich in tungsten or
molybdenum. Product of tempering. A

M,C Hexagonal considerable amount of chromium can be
dissolved in this carbide.

All these carbides are harder than a martensite matrix. Therefore, in

order to achieve better performance for the tool steel in different
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applications, it is required to incorporate more carbide dispersion inside the

matrix [7].

The alloy carbides can be produced during different processes such
as solidification, hot working or heat treatment. In the liquid state, all
alloying components in a tool steel are soluble in liquid iron. On cooling,
carbides form during a eutectic reaction. This eutectic structure appears
similar to the pearlitic structure (which contains lamellae of matrix and
carbide) that is common in carbon steels. Sometimes the eutectic forms in
the grain boundaries and network carbide is formed. These carbides are the

main reasons that high alloyed tool steels become brittle [13].

In D2 tool steels, M;C; carbides are formed due to the high-
chromium content of these steels. There is a mutual solubility of chromium
and iron in high alloy steel. Iron and chromium can replace each other in the
carbide structure (carbide with formula of (Cr,Fe);C;). These carbides can
be written as M7C; in a simplified format [14]. Viale et al. [15] reported
after heat treatment of modified D2 steel (with 1wt.% carbon and 8wt.%
chromium and more molybdenum and titanium contents) produced by PM
processes, M-,C5 carbide would form with
(Fe29.64Cr31.01V3.14M03 86Mn 36510.03T10.00)C31.91  chemical  composition.
Characterization of these precipitates was carried out by electron

microprobe analysis.
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2.1.4. Phase diagram and microstructure

Elements such as chromium, molybdenum, silicon, tungsten, vanadium and
zirconium are ferrite stabilizers and carbon, cobalt, copper, manganese,
nickel and nitrogen are austenite stabilizers. Austenite stabilizers lower the
eutectoid temperature and ferrite stabilizers raise the eutectoid temperature
[7]. Figure 2.1 displays the iron-carbon phase diagram in which different
amounts of chromium from 0 to 19% chromium are superimposed. The
addition of chromium significantly changes the size of the austenite region
in iron-carbon phase diagram. It should be noted that by increasing the

chromium content, the range of stability of austenite is reduced [16].
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Figure 2.1. The effect of chromium content on the austenite phase stability
region in Fe-Cr-C alloys [7]. Reprinted with permission of ASM
International. All rights reserved. www.asminternational.org.

13|Page



The effect of carbon on the austenite region also can be determined
from Figure 2.1. It can be seen that increasing carbon content (in all

chromium contents) increases the size of austenite regions.

The chemical composition of D2 tool steel is shown in Table 2.2.
There is a large amount of chromium in this tool steel, which results in the
formation of large chromium carbides in the microstructure of solidified D2

tool steel. Thus, for D2 tool steel the equilibrium primary phase should be

ferrite.
Table 2.2. Chemical composition of D2 tool steel [7]
Chemical composition (wt. %)
C Mn Si Cr Ni Mo VvV

1.40-1.60 <0.60 <0.60 11.00-13.00 <0.30 0.70-1.20 <1.10

Figure 2.2 shows the vertical section of Fe-Cr-C alloy system with
the constant chromium content of 13 wt.% (close to the D2 tool steel
chromium content which is about 12 wt.%). The resulting phase diagram is
similar to the Fe-C diagram but, due to formation of alloy carbides
(availability of high amount of chromium), there are more phase regions
available in this phase diagram [7]. According to this diagram, it is obvious
that by decreasing the temperature of an alloy which contains about 1.55
wt.% carbon (close to the carbon content of D2 tool steels), the

solidification sequence is primarily the crystallization of austenite and then
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the eutectic decomposition of the interdendritic liquid: L— y + (Cr,Fe),Cs

[18]. Since the phase diagram shown in

Figure 2.2 is the projection of a three-dimension Fe-Cr-C phase
diagram, the eutectic transformation is not in the form of a line but has its
own eutectic region. Residual interdendritic liquid eventually transforms to

austenite and carbide throughout this region.
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Figure 2.2. Vertical section of the Fe-C-Cr system at 13 wt.% Cr [7].
Reprinted with permission of ASM International. All rights reserved.
www.asminternational.org.

When the high chromium steels solidify, the alloying elements
segregate considerably. The first solidified crystals are rich in iron. Other

elements such as carbon, chromium are then rejected to the interdendritic
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liquid regions. This is the region where eventually alloy carbides form [7].
If any hot work is applied to the as solidified structure, the segregated
solidification structure is broken up. Since the alloy carbides are stable at
the temperature at which hot working is done (around 1150°C), they get

elongated in the rolling direction [7].

As discussed previously, austenite and ferrite stabilizers can change
the range of stability that these phases have in the phase diagram resulting
in the formation of different contents of austenite and ferrite. Austenite and
ferrite stabilizers can also affect My and My temperatures. An empirical
equation is given by Puttgen et al. [19], in which the Ms (°C) is described as
a function of mass percent carbon and mass percent chromium and

manganese, in austenite (Eq. 2.1).

M, = 636 —475C — 17Cr — 33Mn Eq. 2.1

This equation shows that alloying elements such as carbon,
chromium and manganese decrease the martensite start temperature. The M,
temperature for the austenitic steel is below the room temperature.
Therefore, austenite phase is available in the final microstructure which is
in the form of retained austenite [19]. If solidification happens in high
cooling rates, primary austenite traps alloying elements in its structure
before there is time for them to be rejected to the interdendritic liquid. The
amount of alloying element saturated inside the austenite is affected by the

amount of undercooling and cooling rate during solidification. Therefore,
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rapid solidification (non-equilibrium solidification) will provide a different
microstructure than what the equilibrium phase diagram predicts. The

following section will address the basic principles of rapid solidification.

2.2. Rapid solidification

In order to better understand the rapid solidification phenomena, it is vital to
understand the solidification mechanism and the way in which different
parameters such as undercooling and cooling rate affect the solidification
process. These parameters are highly effective in order to control the final
properties of the product. Solidification can be divided into two stages:

nucleation and growth.

2.2.1. Nucleation

The driving force of solidification for a liquid which is cooled below its
equilibrium melting point is represented by the difference in Gibbs free
energy between the solid and liquid (Gsolia-Griquid). Because the free energy
of solidification in this condition is negative, it is expected that the liquid
will solidify. When a unit volume of solid is formed, there is a decrease in
free energy of the system, equal to AGy. Therefore, the free energy of
formation for a small volume of solid has a negative effect on the total free
energy of solidification (i.e., it reduces the total free energy of the system).
On the other hand, because solid-liquid interface is formed, there is a
positive contribution to the total free energy of solidification (i.e., the total

free energy of solidification is increased). If we assume the nucleus is a
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sphere, the free energy of formation of this nucleus can be defined as

Eq. 22 [1]:
43 2
AG = 3" AGy + 4mtryg, Eq. 2.2

where, ysp is the solid-liquid interfacial energy, AGy is the change in free
energy per unit volume of the nucleus and r is the radius of the nucleus. AG,
is zero at the melting temperature. By increasing the undercooling of the
metal below the solidification temperature, the free energy of solidification
becomes more negative. Because of this, the solidification process is
initiated. According to Figure 2.3, for a given undercooling, there is a
nucleus with a critical radius r* which has reached the critical free energy of
nucleation (AG*). If the radius of the crystallites is smaller than r*, the
energy of the system will be lowered by dissolving these crystallites. If the
nucleus increases its size, the free energy of the system is decreased and the

nucleated solid phase will grow.

The formation of a solid phase inside the liquid phase without the
help of any foreign material is called homogenous nucleation. Due to its
high amount of AG*, this type of nucleation is seldom observed in practice.
The other type of nucleation, heterogeneous nucleation, plays the most
important role in the solidification of materials. During heterogeneous
nucleation, crystallization occurs on foreign bodies such as the container

walls or metal oxides. At such preferential sites, the surface energy is lower
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and this decreases the amount of thermodynamic energy barrier for

solidification compared to homogenous nucleation [1].

For homogenous nucleation, r* and AG* are represented as Eq. 2.3

and Eq. 2.4, respectively [1].

—2y6,T,
£ ZE¥stim Eq. 2.3
AHAT
16myd T2
AG* = ——SLm Eq 2.4
3AHZAT? 1

where T, is the equilibrium melting temperature of the material, ygy is the
surface energy of the solid in contact with the liquid phase, AT is the
amount of undercooling below the solidification temperature and AH is the

latent heat of solidification.

AG A
Interfacial
energy  r?
AG" |-
0 \ >
r T
AG;

Volume free
energy o r’AT

Figure 2.3. The free energy change associated with homogeneous
nucleation of a sphere of radius r [1].
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According to the nucleation theory presented by Flemings [20],
Eq. 2.3 gives the critical radius of a nucleus (r*), stable at undercooling AT.
This equation reveals that as the undercooling increases, the critical radius
of a stable nucleus will decrease. Subsequent to the formation of this stable

nucleus, growth will follow.

2.2.2. Growth

The growth process begins after the stable nucleus forms. Generally
speaking, growth occurs when atoms are joined from the liquid to the solid
phase. According to the thermal gradient and growth rate, different types of
growth can be achieved: planar, cellular and dendritic. When the amount of
undercooling is increased, any small bump on the surface of the solid/liquid
interface, which is as a result of any small perturbation on the liquid-solid
interface, will be located in the lower temperature region. The growth rate is
controlled by the rate of diffusion of solute atoms to the interface (more
frequently, there is rejection of solute). With further growth, other small
bumps can form on the surface of the primary arm of the dendrite and
secondary branches are formed; as a result, dendrite growth starts [1]. The
spacing between secondary dendrite arms is related to the cooling rate. As
the cooling rate increases, dendrite arm spacing decreases and the
microstructure will consist of finer dendrites. The secondary dendrite arm

spacing can be expressed as Eq. 2.5 [18] :

AT,

tsy,

A, = B(—5)™ Eq. 2.5
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where, A, is SDAS (secondary dendrite arm spacing) (um); B and n are

. - AT, . .
constants related to the material characteristics andt—r is the cooling rate
SL

[18]. To show the effect of the cooling rate on the refinement of the
microstructure, Wiskel et al. [21], atomized different Al-Cu alloys in two
different cooling gases (helium and nitrogen) via impulse atomization (IA)
technique. They found that by decreasing the droplet size, the dendrite arm
spacing and solidification time also decreases. In addition to this, because of
the higher heat conductivity of helium gas compared to nitrogen, using
helium as the cooling gas results in a finer microstructure for the same

droplet size.

2.2.3. Undercooling

In solidification, changing the undercooling can lead to the creation of
different structures. Rapid solidification makes it possible to achieve
undercooling of materials below their equilibrium liquidus temperature.
Undercooling below the liquidus temperature can form metastable phases
according to the lower Gibb’s free energy of the metastable phase. The
difference between the equilibrium liquidus temperature and the nucleation
temperature 1is called primary phase undercooling. For eutectic
undercooling, it is defined as the temperature difference between the
equilibrium eutectic temperature and the eutectic nucleation temperature. It
has been shown that during rapid solidification, high amount of
undercoolings can be achieved for pure liquid metals (as high as 0.3Tm)

[5]. In this equation, Tm is the melting temperature of the metal in Kelvin.
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Undercooling is needed to overcome the nucleation energy barrier of the
new phase. The driving force for forming these metastable solid phases is

also provided by undercooling.

Another important aspect of solidification affected by undercooling
is segregation in alloys resulting from the difference in solute solubility
between the solid and the liquid phases. Using rapid solidification, it is
possible to reduce microsegregation. Because during rapid solidification,
growth velocity of solid-liquid interface becomes larger than diffusive
speed of solute atoms and as a result, atoms of the solute are trapped inside

the solid phase [22].

Different amount of undercooling can be applied to materials along
with different cooling rates. There have been several studies on the
microstructure of material with high amounts of undercooling and low
cooling rates. For example, Kattamis et al. [23] reported solidification of a
Fe-25wt.%Ni alloy wundercooled to different temperatures. In this
experiment, about 100g of the alloy were placed between layers of crushed
glass inside an alumina crucible. A glass coating formed surrounding the
molten alloy by melting the mixture of alloy and glass for several times.
The possibility of nucleation in the liquid alloy starting from the crucible
wall was reduced because of the glass coating. The melt temperature was
measured using a thermocouple. Different levels of undercooling from 0K
to as high as 300K was applied, and using optical microscopy, the structure

of the solidified material was studied. Results showed that the structure

22|Page



from dendritic to fine dendritic to multiple equiaxed grains was achieved by
increasing the undercooling. In another study, Li et al. [24] produced
different levels of undercooling in a CusNisy droplet produced via the
emulsion technique (measured by a thermocouple). As a results of different
undercooling values, different microstructures and mechanical properties
were obtained in the droplets. By applying an undercooling of 13K, a
dendritic structure was formed. By increasing the undercooling to 200K,
fine equiaxed grains were formed. Improved mechanical properties were
also reported in the consolidated material produced from the undercooled
particles in the mentioned work. For example, a 160% increase in maximum
elongation at 180K of undercooling was achieved as compared to samples

with no undercooling.

Levitation melting technique is an effective way to obtain a specific
undercooling in a droplet. This is another technique in which high amount
of undercooling can be achieved with low cooling rates. This technique is
used to levitate a droplet using electromagnetic forces without any contact
with a solid or liquid medium, and offers the possibility of undercooling
droplets [25]. Using Electromagnetic levitation (EML), it is possible to have
a directly observe the undercooling and solidification of droplet. In order to
prevent the nucleation to achieve the desired undercooling, there should not
be any contact between the droplet and any contamination, since it starts
heterogeneous nucleation. An optical pyrometer or photosensing diodes can

be used in order to measure the temperature of the droplet. To start the
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nucleation at a desired undercooling, the surface of the droplet is touched
with an ALLO; needle to start the nucleation at the surface of the droplet.
Therefore, in the EML technique, it is possible to control the amount of

nucleation undercooling in the droplets [5].

There is a relationship between the amount of undercooling, growth
rate and crystal morphology. It is generally accepted that increasing the

amount of undercooling also increases the dendrite growth rate (Figure 2.4).

In the levitation method, it is possible to study the effect of high
undercooling values with low cooling rates. In atomization techniques
(which will be discussed in next section), a high amount of undercooling
can be achieved along with high cooling rates. In this process, however, it is

not possible to control the time or temperature at which nucleation occurs.
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Figure 2.4. Effect of undercooling on dendrite growth rate for Ni-Sn alloy
[26].
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2.2.4. Atomization

It is widely accepted that the nucleation process is initiated by a
heterogeneous process. In a large volume of a liquid, variety of nucleation
sites are available and these nucleation sites can prevent achieving large
undercooling values prior to solidification. If one transfers the liquid bulk
into fine droplets, it is possible to isolate the potential nucleation centers
into small fraction of droplets, instead of the whole liquid bulk. This leaves
a large number of droplets without any nucleating sites. As a result, during
cooling of the droplets, those with large fraction of nucleation sites
experience low undercooling while the most of the droplets solidify with
higher amount of undercooling. During atomization, small liquid metal
droplets are formed and large values of undercooling can be achieved in the
liquids with small nucleation centers [27,28]. Therefore, formation of small
particles can result in higher cooling rates due to enhanced heat transfer, as
well as larger possibilities in achieving higher levels of undercooling [29].
Therefore in an atomization process, various levels of undercooling in
molten droplets are achieved and therefore different microstructures can
develop in a rapidly solidified particle. Pryds [30] stated that the level of
undercooling prior to nucleation can result in one or more of the following
changes: 1) refined microstructure; 2) extension of solid solubility in the
primary phase; 3) change in the morphology of eutectic and/or primary
phase; 4) metastable phases formation. However, no undercooling data
measured directly during the atomization process have been reported

because of the difficulty to monitor the temperatures of small droplets
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moving at relatively high velocity. One of the main objectives of this
project is the evaluation of a method for measuring the undercooling of

falling droplets generated via the IA method.

Due to the large amount of undercooling and cooling rate during the
atomization process, rapid solidification is achieved during this process.
Therefore, using atomization, it is possible to improve the properties final
product. By changing the different parameters affecting the atomization
process, it is possible to control the different characteristics (such as size
and shape) of the produced powder [29,31-33]. For tool steels, comparing
atomization and casting processes, carbide precipitates with more uniform

size are formed in the products made from the atomization process [7].

2.2.5. Microstructure and properties

Microstructure and properties of rapidly solidified materials are different
from those in the material which are solidified more slowly. The main
differences are in morphologies, formation of non-equilibrium phases and
extended solute solubility. The improvements achieved by rapid
solidification can be in mechanical strength, corrosion resistance and
magnetic properties [5]. Rapid solidification can result in formation of
metastable phases in the final microstructure. As an example, according to

phase diagram of high-chromium high-carbon steel shown in

Figure 2.2 (with 1.55 wt. % carbon), the formed phases at room temperature
are ferrite and (Cr, Fe);Cs. But, it has been reported by several researchers

[19,34,35] that by rapid solidification of this type of alloy, martensite and
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retained austenite phases are found in the final microstructure. AlgFe (in Al-
Fe system) and AlsMn (in Al-Mn system) are another example of the
metastable phases reported in the final microstructure after rapid

solidification [36-38].

During rapid solidification of tool steels, metastable austenite can be
present in the microstructure even at room temperature as a result of high
solidification rates. Bhargava [39] reported that by rapidly solidifying of D2
tool steel using the chill block melt spinning process (CBMS), metastable
austenite form and martensite formation is completely suppressed. In fact,
supersaturation of the austenite during rapid solidification lowers the

martensite start temperature [39].

During rapid solidification process, finer carbides form compared to
the microstructures the tool steels with slow solidification rate. Due to rapid
solidification, carbide precipitate size is refined by 20 to 40 times compared
to conventionally processed tool steels. It has been reported that carbide
precipitates are about 20 times finer in overaged-rapidly solidified D2 tool

steel ribbons compared to those in conventionally processed D2 steel [39].

Since carbide precipitation from a supersaturated solid phase (as a
result of rapid solidification) plays an important role in defining the final
microstructure and mechanical properties of tool steels, especially D2 steel,
the following section will briefly present the fundamentals of solid state
precipitation followed by the precipitation of carbides from a supersaturated

matrix.
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2.2.6. Precipitation in the solid state
According to Porter et al. [1], most of the phase transformations in the solid
state occur by the temperature dependant atomic movements. One of the

transformations in solid state is precipitation:
F'>F+P Eq. 2.6

where F' is the metastable supersaturated solid solution, P is a precipitate
(stable or metastable) and F is a more stable solid solution. F has same

crystal structure as F', but its composition is closer to equilibrium [1].

During precipitation in the solid state, two stages can be
distinguished: nucleation and growth. During the first stage, nuclei of the
new phase form from the matrix phase. New phase can nucleate
preferentially at imperfection sites (e.g. grain boundaries). During the
second stage, the nuclei which exceed a critical size, grow. The growth rate
of the new phase is proportional to the amount of the untransformed matrix
phase. Growth of the new phase is fast when it initially starts, but as the
amount of the matrix phase decreases, the growth rate of the new phase also

decreases [40].

One limitation of phase diagrams is that it is not possible to attain
any information regarding the rate (e.g. the kinetics of a phase
transformation). Using isothermal transformation diagrams (TTT), it is
possible to get information regarding a transformation start and finish time,

at a given temperature. Continuous cooling transformation (CCT) diagrams
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can provide information regarding the transformation occurring during

continuous cooling.

Figure 2.5 shows CCT diagrams for Cr12MoV tool steel at two

different conditions: an as-received sample and a spray deposited sample.
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Figure 2.5. CCT diagrams of (a) an as-received and (b) an as-sprayed
Crl12MoV steel, A: Austenite, P: Pearlie [41].

These diagrams can show what phases are formed at different
cooling rates. By comparing the CCT diagrams for the as-sprayed steel and
the as-received steel, it can be seen that the as-sprayed steel has a lower Mg
temperature compared to that in the as-received steel. Because of rapid
solidification during spray forming, austenite phase is supersaturated by the

alloying elements which results in depression of the My temperature.

The TTT diagram for D2 tool steel is reported in Figure 2.6 [42].
This diagram shows the time required, at a given temperature, for austenite

to transform (incubation time). It also shows the temperature at which, with
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enough time, austenite begins to transform to pearlite and bainite. At low
degrees of undercooling, it takes longer time for austenite to transform into
pearlite. The transformation rate increases with decreasing temperatures,
until it reaches a maximum at approximately at 650°C. The transformation
rate decreases again at temperatures lower than 650°C. As a result, the TTT
plots are in the form of the S-shape which show a nose at which there is a
maximum transformation rate [40]. This is mainly because of the balance
between the required driving force for the nucleation and movement energy

needed for diffusion of atoms.

1200 — - T
1 1
|
noe—i—1 i
{111
1000 I}I
w0 |
Il
11 L
8004, =770°d [ 111 ‘
4] ‘Ar, =735°C
s 70—t |
3 1
g | -
g 600 T
s [ L]
a I A+K
500 {—t i .
T |
’ L AL L L
400 A — ‘ 1 ‘j
‘ \ \ |
300 — : fr(-‘ -:Ia- 1 (
| 1| \ Bwk 35HY
e — - N
mhiliEr |
(DL ' | .
100 — { {%.__ ._..._:.... L H 1L Ui . ........73
K - Carbids | - (1 | |
0 TN - HM\ ‘ [ 1 ‘|‘i \ ‘H‘I | “I I
1 10 100 1000 10000 100000
Time in seconds [ T + +
! 0 100 1000
Time in minutes
7 i

Time in hours
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2.2.6.1 Precipitation of carbides from a supersaturated matrix

Carbon stabilizes the austenite structure and there is a great thermodynamic
affinity between carbon and chromium. Because of this affinity, whenever
carbon reaches the level of supersaturation in austenite, chromium carbides
form. In this condition, the diffusion rates are sufficient for carbon and
chromium to form the precipitates [43]. In order to understand what
happens during rapid solidification, it is important to determine the
relationship between the cooling rate and the resulting microstructure. A
rapidly solidified microstructure in a high alloy steel may consist of
martensite and retained austenite phases which are supersaturated with
carbon and other alloying elements. The thermodynamic driving force for
precipitation of fine carbides during the tempering process is provided by
this supersaturation. At the first stage of tempering, transition carbide
precipitates, which can be either hexagonal e-carbide (Fe,4C) or
orthorhombic n-carbide [7,44,45]. Das et al. [35] did not find n-carbides
during the analysis of precipitates in D2 steels. These carbides are not
thermodynamically stable [45]. In the next stage, diffusion of carbon is
increased and the retained austenite is transformed to ferrite and cementite
[44,45]. In highly alloyed tool steels such as high speed and D-series tool
steels, this transformation takes place at the higher temperatures [7]. In the
subsequent stages, transition carbides convert to cementite. Also, previously
formed carbides become more coarse [44]. As tempering continues, the
ability of retained austenite to transform to martensite during cooling

increases due to the precipitation of alloy carbides during tempering since it

31|Page



removes carbon and alloying elements from the solution. According to
Eq. 2.1, this increases the M;. It will be discussed in the next section that
due to the high cooling rate in rapid solidification process, alloying
elements (mostly carbon and chromium) will supersaturate in the austenite.
When the cooling rate increases, the Ar; line in the Fe-C phase diagram
moves towards the lower temperatures. This shows that by increasing the
cooling rate, the temperature of the eutectic (or eutectoid) transformation is
lowered and also there are lower amount of carbon in the eutectic structure.

This can also explain why austenite is supersaturated during rapid cooling.

Bhargava and Tiwari [39] showed that the value of the lattice
parameter (ag) of the retained austenite in D2 tool steels obtained from
rapidly solidified processes is greater than that of the same steel obtained
from conventional processed D2 steel. This is due to the supersaturation
caused by rapid solidification. The ay of austenite in rapidly solidified D2
steel was about 1.5% larger than the lattice parameter of gamma-iron. This
shows that substantial amounts of carbon and chromium are dissolved of in
the austenite. Therefore, rapid solidification results in the formation of

supersaturated metastable austenite and a decrease in carbide precipitation

in D2 tool steel [39] .

Bhargava et al. [39] showed that tempering rapidly solidified D2
tool steels up to about 1000K results in the decomposition of the metastable
austenite. The lattice parameter of the supersaturated austenite matrix phase

as a function of aging temperature is shown in Figure 2.7. By plotting the
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percent of transformation, Y, as a function of aging temperature, it is

possible to illustrate the austenite transformation to a BCC matrix phase.
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Figure 2.7. Lattice parameter (ag), percent transformation (Y) of D2 steel as
a function of temperature. Reproduced from [39].

Figure 2.7 shows that the value of lattice parameter of metastable
austenite is constant (about 0.3625nm) at aging temperatures up to 723K.
Aging between 773K and 823K shows a sharp drop in the ay value from
0.3620nm to 0.2868nm and there is not any significant change in the ay
value above 823K. The observed drop is due to the decomposition of
austenite to the ferrite phase. XRD analysis showed that M;Cs, Fe;C and
M,;C6 are the types of carbide which precipitate during aging of D2
ribbons. Carbide precipitates in the tempered D2 steel have the size between
0.20pum and 12um [39]. For high speed tool steels, Andren et al. [46] stated
that different types of small carbides such as cubic MC and hexagonal M,C
(and in higher carbon alloys, Mj;C¢) precipitate during secondary

precipitation. They also showed that when the aging time increases, the
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matrix composition is depleted of carbon, chromium, vanadium, and
molybdenum, and the volume fraction of carbides increases. This increases
the hardness of the steel. Andren et al. [46] believed that after tempering,
substantial amounts of carbon and alloying elements (carbide forming
elements) remain in solution. Therefore, during using of the tool, these
element will act as a source for further precipitation [46]. However,
Bhargava and Tiwari [39] showed that aging above a certain temperature
(823K for D2 tool steel) does not cause any major change in the amount of
precipitation transformation. According to Figure 2.7, precipitation
transformation approaches 100% after ageing up to 1100 K, which means
the precipitation transformation is completed. Das et al. [35] also showed
that by increasing the heating time, the volume fraction of precipitated
carbides increases and remains unchanged after a given time. This confirms

Bhargava’s results [39].

In order to understand the precipitation of supersaturated carbides,
some information is required about the solubility of different carbides and
their precipitation behavior in the liquid and austenite phase. During carbide
precipitation, chromium will react with carbon to form chromium carbide.
If there are other carbide formers such as vanadium and molybdenum, they
may limit the available carbon for chromium and complex carbides will

form.

Considering precipitation of Cr;C; carbide during tempering of D2

tool steel, precipitation analysis for these precipitates are shown in this
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section. But, in this study, the analysis on the precipitation behaviour of
M;C; carbides has been done using Thermocalc software which will be

described in Section 6.3.4.

The solubility limit may be defined according to Eq. 2.7 and

Eq. 2.8, (by assuming formation of one mole of Cr;Cs) [47]:
7[Cr] + 3[C] & Cr,C5 Eq. 2.7

a’CT7 C3

ks = YarenlCrD)”. WarqlCD?

Eq. 2.8

where kg is the equilibrium constant and vy, is the activity coefficient.
According to Gladman [47], activity coefficients for chromium and carbon,
Ya[cr] and y,[cy, are equal to unity (this is by assuming a low concentration of
the components in the steel). The activity of pure Cr;Cs (acrc3) is equal to
1. The activities are directly proportional to the weight percentages and

Eq. 2.8 will change to Eq. 2.9 [47]:

1

ks = CTIer

Eq. 2.9

On the other hand, according the thermodynamic data provided by
Eremenko and Sidorko [48], the standard free energy for Cr;Cs; (AG®) at

298-1673K is:

AG°< J ) = —174473 — 25.73T Eq. 2.10
mole

More accurate thermodynamic data for each temperature can be

found in the JANAF Thermochemical Tables [49].

35|Page



According to thermodynamic information [50]:
AG® = —2.303 X RTlogk, Eq. 2.11

From Eq. 2.9, Eq. 2.10 and Eq. 2.11, it can be concluded that:

9112.64
kg = [cr]’[C]? = 10CL34——7F ) Eq. 2.12

Using Eq. 2.12, it is possible to draw the solubility diagram for [Cr]
versus [C]. Using this solubility diagram and using either the linear method
or/and calculation methods proposed by Gladman [47], it is possible to
determine the equilibrium concentration of chromium and carbon in the
liquid or austenite phases (depending on the temperature used in Eq. 2.12).
The only remained requirement is the chemical composition of the
supersaturated matrix. If one uses the solubility diagram for chromium
carbide, it is possible to calculate how much chromium carbide should
precipitate in the supersaturated matrix at the temperature at which the

solubility diagram is plotted.

There are some limitations using this method. The most significant
limitation of this method is the existence of complex carbides. For example,
carbides in tool steels are usually in the form of M,C,,, where M can consist
of different elements such as iron, chromium, molybdenum, vanadium, etc.
This complicates the associated equations and makes it difficult to find the
true solubility constant. There is not enough research focused on the

relationship between precipitation from supersaturated matrix and
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solidification conditions. Further research needs to be conducted on this

subject.

Tool steel (exclusively D2 tool steel) properties and their
microstructure were mostly discussed in the previous sections.
Solidification path, carbide precipitation and phase transformation as a
result of rapid solidification were also introduced. The following section
will describe methods that can be utilized in order to rapidly solidify D2
tool steel. Thus, the following section mostly addresses some common

atomization techniques of relevance to this work.

2.3 Rapid solidification techniques
Different processes are available to achieve a rapidly solidified
microstructure. These methods can be categorized to spray spinning, chill

methods, surface melting and weld technologies [51,52].

In the melt spinning process, liquid metal is exited from a nozzle in
the form of a jet on the surface of a wheel which is rotating fast. As a result,
long thin ribbons form. Cooling rates between 10° and 10’ Ks™ have been
achieved using this method [30]. In the chill method process, a thin layer of
liquid metal is deposited on a substrate with low temperature. The melt
loses heat through the chilled substrate and rapid solidification occurs [51].
In the surface melting technologies, the surface of sample is rapidly melted.
This is followed by a rapid freezing which is due to the rapid heat extraction

from the surface to the bulk of the sample. In these methods, it is possible to

37|Page



achieve high undercoolings (hundreds of degrees Kelvin) with cooling rates

of 10'° Ks™ in a small cross sections (as small as 0.1pm) with [51].

In the spray technologies, a bulk liquid is breaking up into
individual droplets. These droplets then rapidly solidify by rapid heat loss.
Atomization is the method that can produce metal droplets. Metal particles
are produced by injecting gas or water into a stream of molten metal. The
molten metal is then broken into spherical droplets. This technique is
considered a containerless method which can provide non-equilibrium
microstructures. Atomization can be divided into single-fluid and two-fluid
atomization methods. Gas Atomization (GA) and Water Atomization (WA)
are the most well-known two-fluid atomization methods. In two-fluid
atomization, the melt is disintegrated by blowing high pressure fluid (e.g.,
gas or water). After disintegration, the atomized droplets fall through a cold
medium and rapidly solidify. In single-fluid atomization, the melt stream
becomes unstable as a result of Raleigh instability in a stagnant gas
atmosphere [53]. Impulse Atomization (IA) and centrifugal atomization can

be categorized under single-fluid atomization techniques [54] .

2.3.1. Gas atomization (GA)

The GA process is one the most common powder production technique. In
this is the two fluid technique, a fairly broad particle size distribution
(0=1.9-2.2) can be achieved [55], where o is the geometric standard
deviation. GA is a relatively old technology. This technique have been used

since the 1930’s [30]. In GA process, the disintegration of a liquid metal
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stream is happened by a high-velocity gas jet. As a result, spherical droplets
form which then cool down while they are falling in the atomizing tower

[56].

Properties of the products that are made from atomization metal
powders depend on different parameters such as particle shape, size, size
distribution and particle chemistry. A large number of the process variables
should be considered in GA to control powder properties. These variables
are metal viscosity, surface tension of the liquid, amount of superheating,
diameter of the nozzle, geometric configuration between melt nozzle and
gas jets, atomization pressure and velocity of the atomizing fluid. The
relationship between the process parameters in GA and the resulting
microstructure has been published for many alloy systems, such as

aluminum [56,57] and ferrous alloys [58].

It has been reported that in GA, since high pressure gas is blowing, a
significant velocity gradient forms in the droplet in both radial and axial
directions. This phenomenon is different based on the design of the
atomization unit. For example the design of gas nozzles and position of gas
jets affect the GA results. The result is a wide droplet size distribution, in
which there is a different local gas velocity and temperature for each droplet
[54,59]. Also, Freyberg et al. [60] showed that there is a level of two-way
thermal coupling in GA particles. Briefly, because of high quantity of gas
with high velocities, there is high efficiency in heat removal from droplets

in GA. Since there is a low relative velocity between the gas and droplet,
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the temperature of the gas increases and as a result, the subsequent heat
removal from droplets is reduced. Depending on how much the thermal
coupling effect happens and how the droplets move with the atomizing gas,
the microstructure varies in GA particles. Therefore, it is difficult to
understand the effect of individual process variables on the characteristics

of solidified droplets [54].

2.3.2. Water atomization (WA)

It has been stated that WA is probably the cheapest method to produce
powders in most metals which is broadly used in the powder production of
iron and stainless steel [61]. The particle size In WA depends on the water
velocity. Other effective variables are superheat, water/metal mass ratios

and chamber cooling atmosphere [62].

The most distinguishing characteristic of the powders produced via
WA from GA is the particle shape. The GA powders are generally spherical
and have smooth surface texture, while in the WA powders, irregular,
ligamental structure and coarser surface texture can be found [62].
Figure 2.8 shows SEM micrographs of a GA and WA of H13 tool steel

powder.

Both WA and GA powders show a log-normal size distribution,
although there is slightly lower standard deviation in the distribution of the
GA powder. It has been noted that the surface oxide layer on WA particles
is normally less than 20nm thick. Also, EDS (energy-dispersive x-ray

spectrometry) analysis of laser melted GA and WA powder particles
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revealed a higher oxygen level on the surface of the WA powder samples
than that on the GA powder samples [63]. Formation of Fe;O4 type of iron

oxide has been reported on the surface of WA tool steels [62].

Figure 2.8. SEM images of (a) gas-atomized and (b) water-atomized H13
tool steel powder [63].

2.3.3. Impulse atomization (IA)
This method was developed and patented at the University of Alberta,

Canada [64]. Figure 2.9 shows a schematic of the atomization unit.

In TA unit, liquid metal forms by the heat generated from an
induction furnace (3). The pulsator (1) then moves the impulse applicator
(2) and by movement of the impulse applicator, energy transfers to the
liquid metal and feeds the liquid metal through the orifices inside the nozzle
plate at the bottom of the crucible. This provides liquid metal stream and
the surface tension of the liquid results in instability of the stream and
breaks up the liquid stream into the smaller droplets. Nitrogen or helium

gases are available in the IA tower as cooling media and therefore, droplets
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with different sizes experience rapid solidification during their free fall.

Produced powders then can be collected at the bottom of the tower.
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Figure 2.9. Schematic of the IA unit. The numerical labels describe the
different parts of the unit [53].
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Two IA units are used in the current study. Both are atmospherically
sealed and can be filled with different gases which, for this study, are
helium and nitrogen (or argon). In both units, the impulse unit is located at
the top part of the chamber. Also, there is an induction coil in the top part of
the units which prepares the melt. After melting, the melt is pushed through
the holes in the nozzle plate. One of these units is about two meters tall, half
a meter deep and three meters wide on which the some online measurement
devices have been installed and is referred to as the “Box Tower.” The other
unit is longer in length (four meters) and half a meter in diameter. It is

referred to as the “Small Tower.” The former is used for in-situ
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measurements of droplet properties. The latter is used to generate samples

of the powder and spray deposits.

Prasad [5] has stated that the IA process can yield rapidly solidified
powders with a narrow size distribution and a cooling rate as high as 10*
K/s. Since there is a stagnant gas used in this process, it is easier to study
and model the behavior of the droplets. Wiskel et al. [21] concluded that
because heat flow conditions are known for the IA method, IA is a suitable
method in order to understand the solidification phenomena during free fall.
Therefore, IA is used for experiments in this study. Also, Prasad et al. [65]
showed that the internal circulation inside the droplets is limited in the IA
technique. Depending on the viscosities of the droplet and surrounding
fluid, some internal circulation may happen inside the droplets. According
to the high ratio of viscosities of the droplet and surrounding media,
produced droplets with IA experience limited internal circulation.
Comparing to the electromagnetic levitation methods, this limited
circulation can be considered as an advantage [22], where there are strong

internal flows inside the particles which affect solidification of the droplets.

IA has been chosen in this work to rapidly solidify D2 tool steel.
During IA, droplets are falling through a stagnant media and there is no
agitation of droplets and media (like GA and WA). Therefore, the
conditions at which gas behaves around the droplet are simpler compared to
GA and WA. Therefore, it is easier to model behaviour of droplets

(temperature and velocity) during free fall. As a result, there is a greater
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likelihood to reproduce the atomization conditions for each droplet in order
to do better quantitative analysis. Also, WA D2 steel powders will be used
in order to compare the results from a bench mark process (IA) with an

industrial process which is used to produce D2 powders.

2.3.4. Spray deposition

Among the various rapid solidification techniques, spray deposition
processes are of interest to produce near-net-shaped products since they can
provide fine grained materials with high deposition rates in the range of
0.25-2.5 kg/s [66]. The general principle of spray deposition technique is to
deposit a distribution of droplets into a mould or onto a substrate. These
droplets can be in the form of either fully liquid or semi-solid droplets,
when they hit the substrate [66]. As discussed by Grant [67], one of the
advantages of this process is a very fine scale microstructure with low
levels of segregation, formation of fine precipitates and extended solid
solubility of the alloying elements. Formation of porosity in the final
product is one of the main disadvantages of this method. Final products are
usually consolidated to achieve full density by means of different
techniques such as extrusion, hot/cold rolling or hot isostatic pressing

(HIP).

Different methods such as plasma arc or induction furnace can be
used to melt the materials in the spray deposition technique. In plasma
deposition, the initial material is the solid powders which then melt through

the hot plasma and are deposited on the substrate. The metal droplets can
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also be produced with atomization techniques (mostly gas and centrifugal
atomization) and then impinge on the substrate [66]. Spray deposition also
has been done on alloys including Al-Fe and Cu-Sn using the IA technique

[68,69].

Clarification of several important factors is required to understand
the evolution of microstructure in spray deposited materials. Understanding
the fraction of the solid and the temperature of the droplets are necessary in
order to better establish the initial conditions for depositions. Another
important factor is the thermal and solidification conditions present during
deposition. Using equations presented in Section 2.4, it is possible to
estimate the temperature and solid fraction of a droplet as a function of
droplet diameter and time (or flight distance). Also, during atomization, it is
important to investigate the effect of droplet size on the solidification

history since a broad range of particle sizes is produced [66].

The microstructural image of a study about spray deposition of Al-

4wt.%Cu by Grant et al. [70] is shown in

Figure 2.10. This figure shows that close to the substrate, where
cooling rate is high, finer grains have been formed. It can be seen from this
figure that by going through the thickness of the sample to the surface,
coarse grains have been formed. Grant et al. [70] reported that the average
grain size close to the substrate was approximately 30pum, while the grain

size in the middle region was 75um.
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Figure 2.10. Microstructure of spray deposited Al-4wt.%Cu in various
locations: (a) adjacent to the substrate, (b) in the central portion and (c) near
the upper surface [70].

2.3.4.1. Porosity

One of the characteristics of spray formed materials is porosity. Different
reasons, such as gas entrapment and inadequate liquid feeding due to
solidification shrinkage and rapid cooling, can result in the formation of
porosity in the deposit [66]. Based on the application of the spray formed
samples, there is a need to reduce the amount of porosity in the sample (for
example, in the applications which require high strength, there is a need to
have low amount of porosities). Also, in applications such as damping, self-

lubrication and thermal insulation, certain amount of porosity is required.
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Therefore, for applications in which high strength is required, the goal is to
reduce the amount of porosity in as-sprayed sample. This will reduce post-

processing steps such as forging, pressing, HIPing or CIPing [71].

Some works show that parameters such as surface temperature of
the deposit and impact angle of droplets are effective in porosity formation
[71]. One method to quantify the porosity level is sample density

measurement and its comparison with the theoretical density:

p= (—pt/‘)p’”) % 100 Eq. 2.13
t

where P is porosity level, py, is the experimentally measured density and p;

is the theoretical full density.

Porosity level is different at different part of the spray deposited
sample. This is due the fact that there are different solidification conditions
at different regions of the spray deposited sample. For example, in the radial
distance from the centerline, Schaeffler et al. [72] measured the porosity
content of a high-strength low-alloy steel (HSLA) spray deposit. The results
show that at 20mm above the substrate, by increasing the radial distance
from the centerline, porosity increases from 0.12% to 16.2% from centerline
to 12cm from the centerline. Another factor affecting the porosity level is
the deposit thickness. In the same work by Schaeffler et al. [72], porosity of
the deposit at different heights was also measured. They reported that the
porosity of a HSLA deposit is higher in the area close to the substrate and

by going toward the top part of the deposit, the porosity level decreases
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(from 7.4% porosity in the bottom part to 0.09% porosity in the top part of
deposit). Three different regions are available for porosity distribution in a
deposit: an upper band (surface porosity), a lower band (substrate porosity)
and a central portion (steady state porosity). The amount of porosity in both
upper and lower bands of the deposit are relatively high, while there is less
porosity in the central portion [73,74]. As stated by Apelian at al. [75], the
in the initial stages of deposition, the deposition rate is higher than the
amount of heat introduced to the deposits. Therefore, in the first millimetre
of the deposit, some interconnected porosity form. When the metal-to-gas
ratio in gas atomization systems is reduce, some porosities can form at the
surface of the deposit. Also, at the end of the deposition, sometimes the
spray formation is not consistent and as a results, there is not enough liquid
to fill the spaces between the droplets. Steady state porosity which forms in
the bulk of the deposit, contains less porosity with small diameters (less

than 1% porosity with the pores <Ium in diameter in HSLA)[75].

The effect of deposition distance on the steady state porosity level
was studied by Grant and Cantor [76]. It has been argued that when there is
not enough liquid in the spray deposited samples, porosity level also
increases. Uhlenwinkel and Ellendt [71] also showed that increasing the
surface temperature of low carbon steel deposit results in a low amount of
local porosity. They showed the same effect on spray formed Inconel 718
alloy. Substrate porosity is formed in the deposit close to the substrate since

there is high thermal extraction from droplets when they hit the substrate.
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Annavarapu et al. [77] reported that in low carbon steel deposits, the
amount of steady state and substrate porosity decreases by decreasing the
deposition distance. This can be due to the fact that by reducing the
deposition distance, there would be a higher temperature and a larger
fraction of liquid which can reduce the fraction of porosity formed in the

deposit.

During atomization of droplets and spray deposition, the main factor
for controlling the cooling rate of the droplets is the heat extraction mode
from the droplet to the surrounding atmosphere. Therefore, it is important to

understand the heat loss of the droplets during their free fall.

2.4. Modeling of heat loss during droplet free fall

One of the most important parameters during solidification of a droplet is
heat flow. Therefore, understanding the thermal transport between a droplet
and a surrounding gas medium is essential. Cooling rate, droplet
temperature at different heights and droplet flight time can be better
understood by understanding the thermal history and the trajectory path of
the falling droplets during free fall. The model can calculate droplet
velocity and temperature as a function of time and distance traveled. When
a molten droplet is moving down through a cooling surrounding
atmosphere, there will be thermal energy transfer within the droplet by
conduction. There will also be convection, conduction and radiation
between the droplet and surrounding gas [78]. The heat energy loss at the

droplet surface is shown by Eq. 2.14:
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q = heprA(T, — To) Eq. 2.14

where hesr is the effective heat transfer coefficient and consists of the
additive contribution of the convection, the conduction and the radiation
heat transfer mechanisms between the falling droplet and surrounding gas.
A is the surface area of the droplet, Ty, is the droplet surface temperature

and T is the surrounding gas atmosphere temperature [78].

Droplets begin their free fall with an initial velocity. The trajectory
of the droplets depends on their initial velocity and the forces of gravity,

buoyancy and drag as shown schematically in Figure 2.11.

Buoyancy (F,) Drag (Fq) Inertia (F)

Molten
droplet

Gravity (Fg)
Figure 2.11. Schematic of the forces acting on a falling droplet [79].

The main forces acting on a falling droplet are gravity F,=m-'g;
inertia Fi=m-a, with a being the acceleration, Fy the buoyancy force and the
drag or resistance force F4 with the drag coefficient C4. When a metal is
moving inside a gas, the buoyancy effect can be neglected since there is a
large difference between density of the metal and the surrounding gas.

Therefore, the balance of forces can be written as:
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pp.V.—zpp.V;D.g—7.v2.A.Cd Eq. 2.15

where p, and p, are the density of the particle and surrounding gas, A is
volume of the droplet, v is the relative velocity between the falling droplet
and gas, d is the droplet diameter and V,, is the droplet volume [80]. The

drag coefficient can be calculated by an empirical equation:

6 21
C; =028+ —+— Eq. 2.1
¢ +\/Re+R€ q- 2.16

where Re is the Reynolds number (0.2 < Re < 2x10°) and for a particle with

diameter d, that moves in a gas with the dynamic fluid viscosity of p,, Re

equal to,
v.d
Re = P2 Eq. 2.17
Hg
Substituting Eq. 2.16 and Eq. 2.17 in Eq. 2.14 gives:
_ 2 0.5,,0.5,,1.5
W _Pp=Pg)g o PsV _ 45Ps Ha Vi g g5 b Eq. 2.18
dt Pp ppd ppd* ppd

By numerical integration of above equation, time, t, can be
calculated. Eq. 2.18 is valid until the droplet reaches its terminal velocity
when its acceleration becomes zero. After that point, calculation of the time

of the flight for each particle becomes straightforward.

To calculate the thermal history of a falling droplet, Eq. 2.14 is used
which described the rate of heat energy loss from the surface of the droplet

to the surrounding gas. Since the internal temperature gradient within the
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droplet is negligible (Biot <0.1), In Eq. 2.14 equation, it is assumed that the
surface temperature of the droplet represents the temperature of the droplet
[78]. Temperature increase due to surface oxidation is also assumed
negligible. The following equation gives the general heat transfer equation

for a droplet of mass m, [81]:

df,

dT,
m,C,—— = —hA(T; — T,) — Aea (T} — T}) + pprHfd_tS Eq. 2.19

dt
where V,, is volume of the droplets, € is emissivity, d is the droplet
diameter, f;is the solid fraction, o is the Stefan-Boltzman constant, T, is the
droplet temperature, T, is the gas temperature, p, is the droplet density and
C, is heat capacity of the gas. Before nucleation starts, the last term on the
right-hand side of the Eq. 2.19 is zero. Therefore, it possible to calculate
the temperature history of the droplet before solidification starts. In
Eq. 2.19, h, the heat transfer coefficient (convective component of he), can
be calculated through the use of semi-empirical equations (e.g., Ranz-
Marshall or Whitaker) [5,78] where the Nusselt number (Nu) is averaged

over the entire droplet surface:

h.d
Nu = - A+ B.Pr™ Re" Eq. 2.20
g

where the Prandtl number, Pr, in Eq. 2.20 is given by:

C
pr = -2tg Eq. 2.21

kg
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and k, and p, are the conductivity and viscosity of the gas, respectively, and

all other parameters are constants.

When a droplet falls through a stagnant gas, it losses heat to the gas.
After reaching a certain temperature, which is less than its equilibrium
melting temperature (point C in Figure 2.12), the droplet starts to solidify.
During this stage of solidification, the release rate of the latent heat of
solidification is greater than the heat removal at the surface of the droplet.
Therefore, the droplet’s temperature goes up which is called recalescence
(C-D in Figure 2.12). During recalescence, the solid interface grows with a
reduced velocity. As a result, the evolved latent heat is reduced. This ends
the period of recalescence and the temperature of droplet starts reducing

again.

>

Temperature
w

>

Time

Figure 2.12. Cooling curve of a falling droplet in an atomization chamber.
Undercooling (B-C), Nucleation point (C), Recalescence (C-D), Post-
recaleascence solidification (D-E).
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2.5. Methods of characterization

One of the widely used characterization methods is optical microscopy
(OM). The limitation of optical microscopy in the context of this study is
that it is only useful for large precipitates (several microns is size).
Scanning electron microscopy (SEM) is suitable for precipitates as small as
100nm in size. By using SEM, composition analysis through energy
dispersive X-ray (EDX) analysis can be also obtained [82]. Using
Transmission electron microscopy (TEM) analysis, it is possible to get
information from composition, morphology, and size of individual
precipitates [83]. XRD is another method which is widely used for phase
identification, lattice = parameter determination and thin film
characterization. Basically, when the incident x-ray beam is diffracted from
different plans of crystal lattice, a diffraction pattern is created which is the
characteristic of the sample [84]. It has been shown that the thickness of
materials required to absorb 50% of the beam (tsos,) of the x-ray for Fe is
about 0.29x10°m and for Al is about 0.53x10”m [85] which shows that
XRD is a near-surface analysis. Another diffraction method that can
generate information from the bulk of the sample is Neutron Diffraction

(ND).

In ND, the tso, distance for Fe and Al has been reported as 0.62x 10”m and
7.05%x10”m, respectively. Also, linear absorption in ND is much smaller
than that in X-rays [85]. Neutron beam has relatively low intensity which

make is as one of the limitations of this technique. Therefore, in order to
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obtain reliable information from the sample, a large volume of sample
and/or longer analysis times are required. It has been reported that powder
diffraction using ND technique typically takes 12 hours [85]. Same
fundamental equations as X-rays are governing neutron powder diffraction.
In order to produce neutrons, high energy protons collide with a heavy

metal target, producing approximately 5 to 30 neutrons per proton [85].

In a powder diffraction pattern, there are a set of peaks which are
placed over a varying background. Rietveld analysis technique can generate
lots of useful information by fitting the ND and XRD peaks. This will be

discussed next.

2.5.1. Rietveld refinement analysis

The Rietveld refinement analysis is based on a least-squares approach,
which can refine a theoretical line profile until it fits the experimental
diffraction profile. If one assumes that ¢ is the difference between a

calc

calculated profile, y*, and the experimental profile, y°*, the Rietveld

refinement principle is to minimize the function ¢ [54,82]:
Q= Z w; [y — yfalc]2 = Minimum Eq. 2.22
i

where wj is the weighting factor for each observation point.

Using a diffraction pattern, it is possible to obtain information about
peak positions and intensity. By finding the peak positions, it is possible to
understand the unit cell dimensions, lattice parameters and space group.

This is because peak positions are indicative of the crystal structure and
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phase symmetry. Since peak intensities show the total diffraction from each
plane in the crystal structure, therefore, peak intensities are based on the
atom distribution in the crystal structure. It has been stated that the peak
intensities are correlated to the phase structure [82]. Therefore, different
information such as atomic positions and phase compositions (atomic

occupancies) can be deduced from the peak intensities.

As previously discussed, it is possible to do quantitative phase
analysis on the powders by using Rietveld refinement techniques [86]. For
powders generated with IA, ND has been used for phase identification and
phase quantification using the Rietveld analysis. Prasad et al. [87] were able
to quantify the amount of microsegregation during rapid solidification of
Al-Cu alloys. They produced Al-Cu alloys powder using IA with three
compositions of 5wt.%Cu, 10wt.%Cu and 17wt.%Cu in nitrogen and
helium cooling gas. Using Rietveld analysis on ND data as well as image
analysis of SEM images, they were able to determine the weight percent of
eutectic microstructure. They could show that by increasing compositon of
copper, the microsegregation decreases. They also found that there is a
small effect of the cooling rate on the microsegregation. In another work,
Ilbagi et al. [88] produced Algs sNi3; s alloy powder using the IA method. A
profile refinement using the GSAS computer code (General Structure
Analysis System) on ND and XRD showed that only three phases (i.e.

Al3Ni,, AI3Ni and Al) existed in the entire investigated particle range.
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2.6. Thesis objective

As discussed in the previous section, undercooling and cooling rate are two
important factors determining final microstructure and phases of solidifying
materials. During ingot casting of tool steels, low cooling rate and
undercooling values are achieved and result in formation of coarse
microstructure and carbides. High undercooling and cooling rate can be
achieved in atomized rapidly solidified tool steel, which can modify the
final microstructure and mechanical properties. It was shown in previous
sections that various rapid solidification techniques such as gas atomization,
laser melting and the chill block method have been used to study the
microstructure and carbide formation in some ferrous alloys. However,
systematic and quantitative experimental work on rapid solidification of D2
tool steels is still lacking (especially on the effect of high undercoolings and
cooling rates that can be achieved during atomization). In this work, the IA
technique is used as a method to create rapidly solidified particles of D2

tool steel alloy to achieve the following goals:

o To study the effect of rapid solidification on D2 tool steel and
quantitatively investigate the effect of undercooling and cooling rate on the
microstructure.

. To study the effect of undercooling and cooling rate on the annealed
particles to investigate the carbide precipitation behaviour of rapidly

solidified D2 tool steel particles.
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o To investigate the effect of rapid solidification on the microstructure
of spray deposited D2 tool steel.

. To explore the possibility of using online measurement devices to
measure the amount of undercooling while the droplets are cooling in free

fall.

D2 tool steels are widely used in industry because of their good
wear and abrasion properties and their high volume fraction of carbides. It
is believed that these excellent mechanical properties can be modified by
reducing microsegregation and by evenly distributing carbides during
solidification = processing. Understanding the rapid solidification
phenomenon of D2 tool steel in order to develop particles with a fine
microstructure and fine, well-distributed precipitated carbides offers a
valuable opportunity to refine the microstructure of products produced from

D2 steel droplets.
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Chapter 3

3. Experimental Procedures

In order to study rapid solidification of D2 tool steel, both experimental and
modelling efforts are needed. In the experimental work, powders of D2 tool
steel were generated. To conduct a containerless solidification technique,
the IA technique was used to produce rapidly solidified D2 tool steel
powders. The IA technique was briefly described in the previous chapter. In
this chapter a more detailed description of the atomization technique will be
addressed. In addition, sample preparation and characterization methods
used will be discussed. Sensors used for online measurements of the falling
droplets during atomization will also be explained briefly at the end of this
chapter. The online measurement tools are discussed specifically in
Chapter 5. More detailed information about each experimental procedure,

when required, is given in the related chapters.

3.1. The melting, atomization and spray deposition of molten D2 steel
In the previous chapter, a brief description of the IA method was given. The
melting and atomization of molten D2 steel will be explained in the

following section.

3.1.1. Atomization and spray deposition

The D2 steel bars (from Bohler-Uddeholm, product number C0795749)

with chemical composition shown in Table 3.1 were cut into small pieces
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and then ground to remove any surface paint, oxide layer and

contamination, ensuring that each piece of material was clean.

Table 3.1. Chemical composition of D2 tool steel used in this study

Chemical composition (wt. %)

Carbon Manganese Chromium Molybdenum  Vanadium Silicon

1.55 0.40 11.80 0.80 0.80 0.30

To avoid having the D2 steel react with the crucible, alumina
crucibles were used with a purity of >99.6% and maximum working
temperature of 1750°C (from AdValue Technology, part number AL-2250)
which provides good chemical resistance at high temperatures. Since an
induction furnace was used to melt D2 tool steel, a graphite crucible slightly
larger in diameter than the alumina crucible was used as a susceptor. The
nozzle plate at the bottom of the crucible was made of high density, high
purity alumina and was drilled with 37 holes, each plate with a diameter of
100pm, 300pum and 500um. The set of alumina-graphite crucibles were
placed inside a copper coil at the top of the atomization tower. A 20kW
solid-state induction power supply system VIP-1 from INDUCTOTHERM
was used for heating. An alumina plunger and a Type C thermocouple (with
1% error) covered with an alumina tube were also placed inside the
crucible. The atomization tower was then closed and sealed. The gas inside
the tower (helium or nitrogen) was purged out and back filled three times

before starting heating. The oxygen level within the tower before melting
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and atomization was kept to less than 10ppm (measured using a model 2D
solid state ZrO, sensor from Centorr Vacuum Indusctries). Since the
alumina parts inside the setup are sensitive to thermal shock, a slow heating
rate of 150°C/hour was used for the first 1.5 hours. Heating (with a higher
rate) continued until the crucible contents were melted (about 500g D2 tool

steel ingot).

The alloy was kept at 1600°C (about 200°C) superheat for about 30
minutes to make sure that the melt was completely homogenized. The
amplitude and frequency of vibrating plunger were controlled using an
impedance head (SVS Company, product number 5860B). A frequency of
80Hz was applied to the plunger to break up the liquid stream into droplets
with different diameters. The droplets fell through a static inert gas
atmosphere of helium or nitrogen solidifying during their free fall. The
powders were solidified by the time they reached a high temperature oil
quench bath 4m below the atomizing nozzle in the small tower. The oil type
used was Galden perflourinated fluid — HT230 supplied by Ausimont. The

small tower was used to produce the individual D2 steel powders.

The powders produced and collected in an oil beaker were washed
using toluene and ethanol to remove the oil residue on the powders. The
remaining ethanol was then removed by drying the particles under a fume
hood. Dried powders were weighed and sieved using a RO-TAP sieving
machine (model number RX-29) for 20 minutes and categorized into

different particle size ranges according to ASTM E-11 [89] specifications.
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A Gilson sieve set with a stainless steel frame and steel wire grid was used
for sieving. After sieving, powders with different particle size ranges were
weighed and kept in separate glass containers. Collected powders were then
analyzed based on a log-normal distribution to calculate mass median
particle size (Dsp) and controlled log-normal standard deviations
(6=Ds4/D5s0).

Table 3.2 shows the atomization run conditions as well as the

particle size distribution of powders from sieve analysis.

Table 3.2. Atomization run conditions as well as particle size distribution of
produced powders

#of holes, orifice diameter

Run# Atomization gas (um) Dso (um)/c*
111210 Helium 37,300 385/1.26
111206 Nitrogen 37,300 405/1.35
110112 Helium 3,500 780/1.16
110118 Helium 5,400 600/1.38
110126 Nitrogen 97, 400 500/1.16
100310 Nitrogen 37, 500 890/1.4
* g = 284

Dsg

A schematic of the IA unit used for spray deposition is shown in
Figure 3.1.a. An image of spray deposition of Cu-6wt.%Sn alloy using the

IA unit is also shown in Figure 3.1.b [68].
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Figure 3.1. (a) schematic of spray depositon in the small tower and (b)
image of spray deposition [68].

About 400g of D2 tool steel was melted in the alumina crucible,
induction heated by an induction-heated graphite susceptor. A C type
thermocouple (with 1% error) inside the melt showed the actual melt
temperature and a K type thermocouple (with 0.4% error) showed the
temperature of the atmosphere inside the tower. After reaching 1600°C, by
movement of an impulse applicator, the melt was pushed through the orifice
plate at the bottom of the crucible. The size of holes in the orifice plate was
300um with 37 holes. Then, the produced droplets were cooled down
through the cooling atmosphere (nitrogen) and they hit the substrate.
Distances of 38cm (run name: 3810-with helium as a cooling gas), 28cm
(run name: 2810-with nitrogen as a cooling gas) and 20cm (run name:

2010-with nitrogen as a cooling gas) were chosen between the orifice plate
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and substrate. Plain carbon steel plate preheated to 40°C was used as
substrate. An inert atmosphere with less than 10ppm oxygen was achieved

in the tower by purging with inert gas.

At 20cm, another experiment was also conducted with 1000ppm
oxygen, in order to investigate the effect of oxygen on the final
microstructure of deposit (run name: 201000). A plunger was connected to
a sensor to measure the force and acceleration of the plunger during the
atomization run. Also, the substrate was placed on a load cell device
measuring the weight of deposit as a function of atomization time. This is a
DP41-S high performance strain gage from Omega with 0.005% accuracy
of reading. Using the mass of the deposits versus time of deposition, it is
possible to calculate deposition rate. Table 3.3 shows the parameters of the

experiments.

Table 3.3. IA run conditions fot atomized D2 tool steel deposits

Run number 120123 120210 120127 120201
Run name 3810 2810 2010 201000
Run time (s) 462 265 190 216
Cooling gas Helium  Nitrogen Nitrogen Nitrogen
Oxygen level <l0ppm <10ppm <I10ppm 1000ppm
Deposit mass (g) 152 324 320 358
Height of spray deposit (mm) | N/A 50 43 45

Avg. deposition rate (g/min) 46 77.2 165.5 94.2

Figure 3.2 shows D2 tool steel spray deposits at different distances

of substrate, cooling atmosphere and oxygen levels.
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A(b).. \

(d)

Figure 3.2. D2 tool steel spray deposits (a) IA with substrate at 38cm below
the nozzle plate atomized in helium, oxygen level of 10ppm, (b) IA with
substrate at 20cm below the nozzle plate atomized in nitrogen, oxygen level
of 10ppm (c) IA with substrate at 20cm below the nozzle plate atomized in
nitrogen, oxygen level of 1000ppm and (d) IA with substrate at 28cm below
the nozzle plate atomized in nitrogen, oxygen level of 10ppm.

Sampling and characterization of deposits have been explained in
Section 3.1.4. Spacing between the dendrites as well as eutectic volume
fraction were measured from the bottom to top part of the deposits. The
cooling rate and amount of eutectic undercooling were then measured using

SDAS and eutectic volume fraction values.

65|Page



3.1.2. Annealing of the particles

Atomized powders in helium and nitrogen atmospheres were given an
isochronal heat treatment at different temperatures and the powders after
annealing were prepared for further analysis. A Setaram Labsys Evo
Differential Scanning Calorimeter device (DSC) was used to find the upper
limit temperature of annealing. Powders of 600-710pum atomized in nitrogen
were heated with the nominal 10K/min heating rate (10.5K/min actual
heating rate) up to 1100°C. DSC peaks of transformation were investigated
to find the temperature limit of annealing. At the high temperature limit,
ferrite is transformed to austenite and it is apparent as a transformation peak

in the DSC output.

Subsequent to the DSC tests described above, powders were
annealed using the following three steps: first, the particles were heated up
to the desirable temperature at a heat rate of 20K/min; next, the particles
were heated isochronally at the desired temperature for two hours; finally,
the particles were cooled to room temperature at a rate of 20K/min
(19.4K/min actual cooling rate). The isochronal temperatures used for
annealing were 350°C, 450°C, 550°C, 650°C, 750°C and 850°C with about
+7°C deviation from the set temperatures. Annealing was done in a Setaram
Labsys Evo DSC with argon as an inert atmosphere. About 5.8x10'm’ of

powdered material was used for ND and XRD analysis.
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3.1.3. Powders and spray deposits mounting, polishing and etching

As-atomized and annealed powders of the size range of interest were
mounted in epoxy for SEM analysis or used as is for X-ray diffraction,
neutron diffraction and high energy X-ray diffraction. To mount the powder
particles, epoxy resin (West systems 10SA) and hardener (West systems
20SA) with a ratio of 2.5:1 (volume) were mixed. Powder particles and
epoxy was poured into plastic moulds with a diameter of 2.54cm and left
for about two hours to set. The Buehler Ecomet 250 auto grinder-polisher
was used to grind and polish the mounted particles. Using 600 grit silicon
carbide papers, the mounted samples were ground to obtain a flat surface.
Then, nine and three micrometer diamond solution was used respectively
for about 4 minutes during the polishing. 0.05um Al,O; slurry was used for
the final polishing. The polished samples were carefully washed in an
ultrasound device to ensure that no Al,Os; particles remained on the
samples. Samples then were etched using a Nital etchant, 10% for about
15sec at room temperature to reveal the precipitated carbides during

annealing.

Spray deposits (sample# 2810, 2010, 201000) were cut
longitudinally in half for microstructural analysis. One half was ground and
polished to be prepared for hardness measurements, optical and SEM
analyses. The other half was cut into three different parts (Figure 3.3): the
bottom part (BP), which is about 1cm from the bottom of the deposits; the

middle part (MP), which is 1.5cm tall from the top of the BP; and the top
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part (TP), which is the remainder of the sample. These sections were
mounted separately inside the epoxy and ground and polished as described

before.

Top Part (TP)

Middle Part (MP) \ | 1-°¢M

Bottom Part (BP) 1cm

Figure 3.3. Schematic of sectioning of spray deposits.

3.1.4. Characterization

3.14.1. SEM

All mounted samples (powders and spray deposits) were carbon coated and
analyzed with a 20kV JEOL 6301F scanning electron microscope with a
resolution of approximately 3nm. This was a field emission scanning
electron microscope which can provide high resolution digital images.
Some images were taken using a 20kV Ziess EVO MA15 SEM with the
resolution of about Snm. The EDX analysis in this SEM was done using a

Bruker Silicon Drifted Detector with an energy resolution of 125eV.

SEM analyses were also done on spray deposits on the
longitudinally sectioned sample. Images have been taken from the base of

the deposits (where deposits were in touch with the substrate) to the top part
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of the deposits. EDX analysis in the SEM was conducted using a Bruker

Silicon Drifted Detector with an energy resolution of 125eV.

- Measuring secondary dendrite arm spacing (SDAS)

To measure the scale of the microstructure in different particle sizes
atomized in different cooling atmospheres (nitrogen or helium) and the
spray deposits, SDAS and cell spacing were measured. In some samples,
primary and secondary dendrites are clearly visible and distinguishable,
(e.g. Figure 3.4.a). A line with known length was drawn parallel to the
primary arm, by intersecting the number of secondary arms. By dividing the
length of this line by the numbers of intercepts, the SDAS was calculated.
In the samples in which it is not possible to distinguish the dendrite arms
(e.g. Figure 3.4.b), cell spacing measurements were done to quantify the
size of the microstructure [54]. ImageTool Ver. 3.0 was used to measure the
length of different lines drawn inside the cells. An average and standard
deviation of measured lengths were calculated by the software. SDAS and
cell spacing measurements were done on more than 10 images per particle

size range.

- Measuring eutectic inter-lamella spacing

ImageTool Ver. 3.0 was used to measure the spacing between eutectic
lamella. More than 10 images per particle size range were used in order to
measure the average eutectic inter-lamella spacing. The average and

standard deviation of the measure lamella were calculated by the software.
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- Measurement of eutectic volume fraction

Stereology was used to quantitatively measure the eutectic area fraction in
the atomized particles and spray deposits. Stereology is the procedure used
to quantify microstructural features. In this technique, a set of equations are
used which can correlate the 3-D information to 2-D images [5]. A basic

equation in stereology is shown in Eq. 3.1 [90]:

(@) (b)

Figure 3.4. SDAS measurements for (a) 650um particle atomized in helium
(110112) and (b)1000um particle atomized in nitrogen (100310).

VVZAAZPp Eq31

where V, A and P letters are volume fraction, area fraction and the point
count of a feature of interest. Eq. 3.1 means that it is possible to find the
volume fraction of a feature of interest by area fraction calculation or point
count analysis. According to DeHoff et al. [90], the concept of the equation
Vy=P, is that if one randomly places a point within an image, the volume
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fraction of a feature is equal to the statistical probability that the point falls

inside that feature.

In order to calculate the volume percent eutectic in the atomized
powders, a random grid was superimposed on 2-D SEM images of atomized
powders using ImagelJ software. There were about 580 points of grid per
image (Figure 3.5). The grid intersections points that are falling in the
eutectic region were then counted manually. If the point falls within the
eutectic region, it was counted as 1. Points falling on the boundary of the
eutectic and primary dendrites counted as 0.5. Then, using Eq. 3.2, it was

possible to calculate the volume percent of eutectic in each image:

_ ne +0.5n,

v, =P
e nt

3 x 100 Eq. 3.2

where ve, ne, np and n; are the volume percent eutectic, the number of points
inside the eutectic region, the number of points on the eutectic-primary
phase boundary and the total number of grid points on each image (580 in

Figure 3.5), respectively.

More than 10 images per particle size were used to calculate eutectic
volume percent (or from specific part of the spray deposit). The average of
volume percent eutectic and standard deviation were calculated based on

these measurements [5].

3.1.4.2. X-ray diffraction (XRD)
About 500mg of as-atomized and annealed powder particles were used to

collect XRD patterns. For spray deposits, the sectioned sample from the BP
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and MP of deposits produced at different conditions (different distances
from the nozzle plate and oxygen levels) was washed with ethanol to
remove any possible contamination. The XRD experiments were carried out
using a Rigaku Gerigerflex 2173 X-ray Diffractometer, equipped with a
cobalt X-ray source. For phase identification and quantification, the XRD

experimental conditions are shown in Table 3.4.

Figure 3.5. A 2um grid is randomly superimposed on the SEM image of a
650pm droplet atomized in nitrogen (110310).

- High resolution powder diffraction

To obtain a higher resolution detection of any carbide or other formed
phases in the as-atomized and annealed samples, different particle size

ranges atomized in helium and nitrogen as well as the annealed particles in
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650°C were sent to the Argonne National Laboratory for high energy
powder diffraction analysis. Beamline 11-BM technical specifications are
listed in Table 3.5. Comparing the specifications in Table 3.4 and Table 3.5,

Beamline 11-BM has a resolution 1000 times that of XRD.

Table 3.4. Experimental conditions for XRD analysis

Diffractometer Rigaki Geigerflex 2173
Radiation Co, wavelength 0.178899nm
20 angular range 20-120°

Resolution 1.0°(20)/minute

Sample holder Quartz (zero-background plate)

Table 3.5. Summary of 11-BM technical specifications [91]

Source Bending Magnet (BM), critical energy: 19.5 keV

Energy range 15-35 keV (A=1.0-0.34A)

Monochromator Si (111) double crystal

Focusing Sagittally bent Si (111) crystal

Beam size 1.5mm (horizontal)x0.5mm (vertical) focused at
sample

Angular coverage 20 range: 0.5°-130° at ambient temp

Resolution min. 20 step size=0.0001°

Capacity Automatic robotic sample changer enables

unattended collection of 100+ individual samples

Sample environments  Any inert gas or customized environment
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Powders of interest were poured inside Kapton capillary tubes with
the inner diameter of 0.80mm. The vials were put inside a sample mounting
base, as shown in Figure 3.6. Samples were then shipped to 11-BM

Beamline for high energy powder diffraction analysis.

3.1.4.3. Neutron diffraction (ND)

ND experiments were performed to obtain the weight fraction of different
phases in the powder particles, and information regarding the lattice
parameter of formed phases. ND was used to analyze about 5g of as-

atomized particles in the size range of interest.

11BM Kapton Tube
(e mote briow]
plug to secure powder

(clay, glue, etc)

14

¥
I B B =1

11 mm

Figure 3.6. Image of a properly prepared sample for 11-BM high energy
powder diffraction. Figure at right shows a sample which is properly
prepared high energy powder diffraction analysis for 11-BM [92].

The ND experiments were carried out using a C2 neutron powder

diffractometer at the National Research Council of Canada — Canadian
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Neutron Beam Center (NRC-CNBC) in Chalk River, ON. The
diffractometer of C2 neutron powder diffraction consists of an 800-wire
BF3 detector which has been placed on an epoxy dance floor. For the ND
analysis, a Si531 monochrometer was used with a wavelength of 1.33A.
Vanadium was used as a sample holder with the volume of 10° m’ (1 cm3)

and internal diameter of 0.005 m.

To conduct the quantification analysis on the ND peaks to determine
the lattice parameter of the austenite phase, Rietveld analysis was
performed using the GSAS (General Structure Analysis System) software.
Crystallographic Information Files (CIF) of austenite and ferrite phases was
used to perform diffraction pattern refinement using Rietveld analysis
technique. This technique was also applied on the X-ray diffraction and

high energy powder diffraction data of particles.

3.1.4.4. Transmission Electron Microscopy (TEM)

As-atomized powders (in helium) and powder particles annealed at 350 and
650°C were characterized by transmission electron microscopy (JEOL
JEM-2010 equipped with an EDX detector operated at 200 kV). Bright field
(BF) images, selected are diffraction (SAD) patterns and EDX spectra from
localized regions were obtained using this TEM device. Electron
transparent specimens were prepared using focused ion beam (FIB)
techniques (Hitachi NB 5000, dual-beam FIB-SEM). Figure 3.7 shows an
example of steps using FIB in order to remove TEM sample from a 650pm

particle TA in helium. Using an energetic Ga ion, the samples were
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sectioned from the regions of interest (a region containing both eutectic and
matrix material). The Ga ion beam had a large beam current of 20nA to
60nA. Sectioned samples were then mounted on a copper grid and then

thinned using a current of 0.7nA to 4 nA. Thinned samples were then

polished using a current of <0.1nA to obtain thickness of about 100nm.

(e (H
Figure 3.7. FIB steps in order to remove a TEM sample from a 650 um TA-
He particle, (a) SEM micrograph of the sample before FIB process, (b)
depositing tungsten on the area of interest, (¢) milling regions around the
area of interest, (d) lift-out of sample piece by means of a manipulator
mounted inside the FIB chamber, (¢) and (f) sample mounted to a copper
grid to be thinned for TEM analysis.

76 |Page



3.1.4.5. Hardness measurement

To study effect of rapid solidification and subsequent annealing on the
mechanical properties of the particles, hardness analyses were done on the
particle in different size ranges, atomized in helium and nitrogen annealed
at different temperatures. Hardness measurements were done using Buehler
Tukon 1102 microvickers hardness tester. Hardness of about 30 different
points was measured for any sample of interest. Average and standard

deviations were calculated using these measurement points.

Since the particles are mounted in an epoxy resin, a suitable load
should be applied through the indenter of the hardness machine to ensure
that the whole force applied from the indenter is focused on the sample. If a
large amount of load is applied to the particle, it is possible that the load
will deform some part of the mounting material, and no precise value of
hardness will be achieved during hardness measurements. Different
amounts of loads ranging from 50gf (grams-force) to 500gf were used to
find the optimum value. Figure 3.8 shows hardness of 300-355um as-
atomized particles in helium as a function of applying the load during the
hardness measurement. In this case, the optimum would be the point at
which the hardness value is not smaller than the average value of hardness,
and the indent is large enough to be able to measure the dimensions for the
microvickers hardness calculations. Figure 3.8 shows that hardness is
constant up to 100gf load, and after that, hardness decreases by increasing

the applying load. This means that at the higher amount of the applying
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load, epoxy resin is also deformed, which affects the measured hardness

values of the particles.

300-355He-As-A
500 ~

450 A

1ttt g

350 A

Vickers (HV)

300 A

250 L] L] L] T L] L
0 100 200 300 400 500 600

Hardness load (gf)

Figure 3.8. Hardness of 300-355um as-atomized particles as a function of
applying the load during the hardness measurement.

Microvickers hardness map was plotted from the longitudinal
section of the spray deposits. For each point, the hardness of three adjacent
areas was measured, and average and standard deviations of data were

calculated using the measurement points.

3.1.4.6. Porosity measurement
In order to measure the amount of closed porosity, spray deposit samples
were cut in half. One half was kept as a back-up for any other required

analysis and the other half was sectioned according to Figure 3.9. In this
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picture, “C” stands for “Centerline” of the sample and “R” stands for “Right

side” of the sample.

Top-C To-R

Mid.1-C Mid.l-R\
Mid.2-C] Mid.2-R \
Bot.-C | Bot.-R \

Figure 3.9. Schematic of spray deposits sectioning for porosity
measurements.

All cut sections were washed with alcohol to remove any adhering
foreign materials such as dirt or oxide scale. The porosity level of the
sections of each spray deposit samples was then measured using
Archimedes’ principle according to ASTM B962-13 using distilled water

and a balance with accuracy of 0.01 mg [93].

3.1.5. Sensors on the atomization units

Previous sections focused on experiments that produced powders and spray
deposits, and described the analyses on the samples. This section will
describe online measurement devices installed on small and box towers

(section 2.3.3), and the data generated and analyzed using these devices.

In order to collect different types of informatio from different parts
of the atomization tower, several probes and sensors have been installed
into the different A units. Type C thermocouples were used to measure the

temperature of the melt during melting and atomization. Type K
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thermocouples also monitored the temperature of the gas atmosphere inside
the IA unit. There was an oxygen sensor unit to measure the amount of
oxygen in the champer, after evacuating and purging with the inert gas. A
load cell unit was placed at the bottom of the tower to collect data for the
mass flow rate during atomization (under the oil beaker in the case of
powder generation and under the metal substrate in the case of spray

deposition).

To measure the effective radiant energy, DPV-2000 from Tecnar
Automation Ltée was used, while the shadowgraph (Sizing Master Shadow
from LaVision GmbH in Gottingen, Germany) was used to measure the
velocity and droplet size of the copper droplets. These sensors were
installed on a translation stage inside the drop tube. The stage could move
in all three directions (Figure 3.10). This 3D translation stage can easily
move in X, Y and Z direction, using DaVis 7.2 software (from LaVision
GmbH). It can move maximum of 1 m, 0.25 m and 1 m in X, Y and Z
direction, respectively. The stage at each direction can move with minimum
0.375mm/s and maximum 75mm/s velocities. The error of movement is
about £2 mm for every 200 mm of movement. The sensors are simply

attached to the stage using screws.

DPV-2000 is an optical sensing device based on a patented
technology developed by the National Research Council of Canada. It uses
a dual slit optical sensor that can measure the effective radiant energy of up

to 800 droplets per second with a depth of field of 1.9 mm. It can measure
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the radiant energy of droplets at two different wavelengths [94]. This device

will be explained more in Chapter 5.

-
2

Figure 3.10. Translation stage, as well as online measurement devices,
installed on the tower 's door.

Sizing Master Shadow from LaVision uses a backlighting technique
to visualize droplets for image analysis. A light source, in this case a pulsed
laser combined with diffuser optics, illuminates in-flight droplets 5 times
per second. The backlight of droplets inside the measurement volume of
6x6x6 mm’ is captured by a high-resolution high-speed imaging system.
The shadowgraph device makes it possible to investigate droplet sizes down

to Spum.

The focal point of both shadowgraph and DPV-2000 was set to an
imaginary vertical line going through the center of the bottom of the

crucible. Any unfocused droplets would be rejected by the criteria set by the
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operator in the respective software of each instrument. Figure 3.11 shows
two rejected droplets by DPV-2000 and shadowgraph devices. Figure 3.11.a
shows DPV-2000 trigger tuning screen illustrating several peaks which only
the first two of them are related to an acceptable droplet. Unfocused
droplets far away from the focal distance of the device will be rejected by
DPV-2000. For droplet measurements, DPV-2000 acceptance criteria have

been listed by TECNAR Company [95]:

e Droplet temperature: 1000-4000C
e Droplet velocity: 5-1200m/s

e Droplet diameter: 10-300pum

Figure 3.11.b shows some captured droplets by the shadowgraph
camera. It can be seen that some of them are not measured by the software,

since they do not have sharp focused edges.

3.1.5.1. Online measurements procedure

To investigate the radiation energy and temperature of falling droplets, pure
copper and D2 tool steel were used for IA. Pure copper was used as a
second material to test the two-colour pyrometer assumption of the DPV-

2000 for the following reasons:

- Pure copper solidification parameters are known and a heat loss
model can be easily applied onto the molten copper
- The melting temperature of pure copper is within the working

temperature range of the DPV-2000 (1000-4000°C)
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- Since no other phase forms during the solidification of copper, any
heat generated when the copper droplets fall can be attributed to the copper

heat of fusion.

Accepted droplet

B Rejected droplets

(b)
Figure 3.11. (a) DPV-2000 trigger tuning screen showing accepted and rejected droplets
and (b) shadowgraph captured picture showing unfocused rejected droplets.
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For pure copper atomization, copper with 99.99% purity (Alfa
Aesar) was melted in a graphite crucible (1.81 g/cm’ density and 12 vol. %
porosity) using a 20kW induction furnace at the top of a drop tube-IA
tower. An argon atmosphere of 90ppm oxygen was maintained in the tower
during melting and atomization. After the copper was melted, it was
superheated to 1400°C. The molten metal was atomized through orifices
(300 um and 500 pm) at the bottom of the crucible, forming ligaments,
which spherodized into droplets in the inert argon atmosphere. The falling
droplets were cooled in free fall by the argon atmosphere. The particle size
distribution of falling droplets (Dso and Dgy), velocity and effective radiant

energy were measured at distances of 10, 30 and 50 cm from the orifices.

Also, D2 tool steel was atomized with the same atomization
conditions described in section 3.1.1. The falling droplets were cooled in
free fall by the nitrogen atmosphere. Particle size distribution of falling
droplets (Dsp and D), velocity and the effective radiant energy were

measured at distances of 4, 18 and 28 cm from the orifices.

In this chapter, general experimental procedures used to produce
powders and spray deposits, annealing of the samples and characterization
methods were discussed. Online measurement techniques were also briefly
addressed in this chapter. In the next chapter, effect of rapid solidification
parameters such as undercooling and cooling rate will be investigated on the

microstructure and phases of D2 tool steel (qualitatively and quantitatively).
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Chapter 4

4. Microstructural investigation of D2 tool steel during rapid

solidification!
4.1. Introduction

D2 tool steels are widely used in industry owing to a combination of good
wear and abrasion properties [7]. The D2 tool steel contains a high volume
fraction of carbides that precipitate during the eutectic transformation. The
spacing and size of these particles is key for mechanical properties as
smaller particles that are closely spaced will result in improved wear
resistance [96]. As discussed in Chapter 2, carbide size and spacing is
mainly controlled by solidification kinetics, and specifically, the amount of
cooling rate and eutectic undercooling. High undercooling and cooling rate
result in formation of fine secondary dendrite arm spacing of the primary
(Fe-rich) phase as well as less eutectic fraction. The use of a conventional
casting process to create components will result in a low undercoolings and
cooling rates which result in large secondary dendrite-arm spacing A, and
leads to coarse carbides, while a rapid solidification will refine the
microstructure to ensure an even distribution of the carbides and thus

improved strength [97].

! Chapter 4 has largely appeared in Powder Metallurgy, Vol. 57, No.1, 2014, 70-78,
DOI: http://dx.doi.org/10.1179/1743290113Y.0000000072. Reformatted according to
thesis requirements.
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The effect of cooling rate on secondary dendrite arm spacing was
shown in Eq. 2.5. In addition to the cooling rate, primary phase and
eutectic undercoolings of the liquid prior to grain nucleation has a
significant effect on the final microstructure of metallic alloys. For
example, Behulova et al. [33] showed that in metal powder formed by rapid
solidification, a finer microstructure was obtained at a higher level of
primary phase undercooling. The importance of eutectic undercooling in
modifying the final phase fractions was highlighted in work by Prasad et al.
[79]. These authors demonstrated through experimentation and simulation
that it was necessary to incorporate eutectic undercooling in order to
accurately predict the eutectic percent. Finally, at large undercoolings
greater than a critical value (ATyyp), the melt will solidify with almost no
partitioning of the solute phase, creating a highly supersaturated solid

solution [25].

Crystallization of an undercooled melt occurs in two steps: (1) phase
nucleation and (2) growth of the solid phase. In the rapid solidification
processes, the release of latent heat associated with the growth phase plays a
large role in microstructure formation due to potential for large
undercoolings, and the resulting thermal recalescence once the solid
nucleates [98]. It has been noted that the amount of supersaturated solid
solution and the formation of other metastable phases in the solid is mostly
affected by the fraction of solid that forms during recalescence, fr [25].

Assuming that solidification during recalescence occurs under near-
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adiabatic conditions, the volume fraction solidifying during the

recalescence, fr, can be calculated as follows [25],

ATy Eq. 4.1

ATy,

fr

f

where AT, is the primary phase undercooling, ATy, =AC% is the

hypercooling limit, AH¢ is the volumetric latent heat of fusion and Cllo is the
specific heat capacity of the liquid phase. Eq. 4.1 is a consequence of the
fact that the heat released as part of near-adiabatic solidification during
recalescence must be absorbed by the surrounding liquid without the droplet
temperature exceeding the liquidus. After recalescence, the remaining melt
solidifies under Scheil solidification condition (with back diffusion of solute
especially interstitial solute) until the solidus or eutectic temperature is

reached.

Figure 4.1 shows phase diagram showing D2 tool steel solidification
path. This phase diagram has been generated using Thermocalc software v.
5.0.4.75 and the TCFE6 data bank v.6.0. Comparing this phase diagram
with the phase diagram for ternary alloy of Fe-C-Cr (Figure 2.2), it can be
seen that there are more complex phases form during solidification D2 steel
compare to Fe-C-Cr alloy. Also, eutectic transformation temperature is also
higher in Figure 4.1 than in Figure 2.2. Clearly, the net effect of alloying
elements present in D2 tool steel is to increase the eutectic transformation

temperature compared to the ternary alloy of Fe-C-Cr.
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Figure 4.1. Calculated phase diagram for D2 tool steel from TCFE6
database using Thermocalc software.

In the past few years, various rapid solidification techniques such as
gas atomization [29,33], electromagnetic levitation [99,100] and laser
melting [101] have been used to study the microstructure and carbide
formation in ferrous alloys since these techniques allow for experimentation
with a wide variation in cooling rate and casting size. The results have
revealed grain refined microstructures and relatively small carbide phases
created by high amount of undercooling and cooling rate. However, a
systematic experimental work on the rapid solidification of D2 tool steels is
still lacking. In this chapter, the effect of cooling rate and undercooling on

microstructure evolution in D2 tool steel is investigated using the rapid
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solidification techniques of IA and WA. Quantitative analysis has been
done on measuring the volume fractions of the primary phase and eutectic
in order to determine the link between microstructure, undercooling
temperatures for nucleation, and cooling rate. In the future chapters,
knowledge of the degree to which the matrix phase is supersaturated as a
function of undercooling and cooling rate will be used to investigate carbide
precipitation in rapidly solidified D2 tool steel as a result of the post

solidification heat treatment.

4.2. Experimental

In order to investigate solidification microstructure under rapid cooling
rates, two atomization techniques, IA and WA have been utilized. IA and
WA were described in Chapter 2. The D2 tool steel powder from IA was
generated using an apparatus available at the University of Alberta, while

the WA powder was provided by the Hoeganaes Company.

Table 3.2 shows IA atomization run conditions as well as geometric
standard deviation of particle mass distribution (o) and median particle
diameter (Ds), while Dsy and ¢ values for WA powders were provided as
70um and 1.64, respectively, by Hoeganaes Company. As noted elsewhere
[53,62], TA powders have spherical shape whereas WA powders are

irregular in shape as shown in Figure 4.2.
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(a) (b)
Figure 4.2. BSE images of particles of D2 tool steel atomized using: (a) 1A
(in helium) and (b) WA. Both particles are about 655um.

Subsequent to atomization, washing and sieving processes, size
ranges of 300-355 um, 600-710 pm and 1000-1400 um were chosen from
the TA powder and size ranges of 90-110 um, 300-355 pum and 600-710 pm
were chosen from the WA powder for further analysis. Particle size analysis
of IA particles is shown in Table 3.2. Particle ranges were chosen in order
to cover the range of cooling conditions by varying particle size and gas.
For each of the different powder size fractions, specimens were mounted in
epoxy resin, ground, polished, and then carbon coated in preparation for
metallography. SEM was performed in order to measure both the secondary
dendrite arm spacing (SDAS) and the area fraction of eutectic. For the
SDAS, 60 measurements per specimen were performed using the Image
Tool software in order to accurately determine this parameter. For the
measurement of the eutectic fraction overlaid grid method was utilized (as
described in Chapter 3). Additionally, quantitative phase identification was
carried out through X-ray diffraction using Co-Ka radiation in a Rigaku

Denki Rotaflex RU-200B X-ray system.
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4.3. Results

Below is provided a concise description of the D2 tool steel microstructure
that is found in powders atomized by IA and WA. First, the morphology of
different particles sizes produced from IA (atomized in helium and
nitrogen) and WA will be described. Then, quantification of some important
microstructural and solidification parameters will be discussed. Finally, the
effect of solidification parameters including cooling rate and undercooling
on microstructural features will be investigated. As it was not possible to
measure directly the temperature of the droplets during atomization, a
methodology for estimating the amount of undercooling prior to nucleation

of the primary phase and eutectic based on metallographic analysis will be

presented [102,103].

4.3.1. Qualitative description of the microstructure
The images shown in Figure 4.3 are SEM micrographs of three D2 tool
steel particles produced by TA: (a) a 325 um particle cooled in helium, (b) a

325 um particle with nitrogen, and (c) a 655 um particle with nitrogen.

Visual observation of the particles in Figure 4.3.a and Figure 4.3.b,
which are both 325um in size, shows that the microstructure is finer for
particles solidified in helium (Figure 4.3.a) versus those solidified in
nitrogen (Figure 4.3.b). Since the thermal conductivity of helium is
significantly higher than that of nitrogen [104], droplets in helium solidify

faster, resulting in a finer microstructure.
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Figure 4.3. BSE images of D2 tool steel particles formed by IA: (a) 325um
particle atomized in helium, (b) 325um particle atomized in nitrogen and (c)
655um particle atomized in nitrogen. Arrows show porosities.

Light and dark gray regions, as well as some solidification porosity
can also be seen in both images. In comparing Figure 4.3.b with
Figure 4.3.c, it can also be seen that changes in the particle size also affects
the scale of the microstructure since the larger particle has a comparatively
coarse microstructure. This is due to the fact that heat transfer and hence
cooling rate is higher in smaller particles due to their larger surface-to-
volume ratio. Also, assuming a fixed number of impurities in a liquid, by
dividing the liquid into smaller droplets, fewer impurities would be

available per droplet. Therefore, there are less heterogeneous sites available
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for nucleation in the smaller droplets. This will result in achieving high
amount of undercooling in the small droplets which reduces dendrite arm
spacing. The same effect was seen on the WA particles. As it can be seen in
Figure 4.4, larger WA particles (Figure 4.4.b) have coarser dendrite arm
spacing compare to the smaller particles which have finer dendritic

microstructure (Figure 4.4.a).

10 pm/, P

(@ o)

Figure 4.4. BSE images of D2 tool steel particles formed by WA: (a)
325um particle and (b) 650um particle (c).

EDX analysis results from different grey levels (regions I: light gray
and region II: dark gray) shown in Figure 4.3 are given in Table 4.1.This
table shows that during solidification the alloying elements (chromium,
manganese, molybdenum and vanadium) were rejected to the dark gray
region since they are higher in the dark gray phase than in the light gray
region. According to the phases identified from XRD, the EDX results
shown in Table 4.1 and the phase diagram, it can be concluded that the light
gray phase in the IA particles shown in Figure 4.3 is iron rich phase (ferrite
or austenite), and dark region between the light gray phase is the eutectic

material: iron rich phase (ferrite or austenite) and a M;Cs carbide.
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Table 4.1. EDX analysis results from dark and light gray regions in D2 steel
(shown in Figure 4.3) (wt.%)

Fe Cr Mn Mo \%
Region I 89.4 9.5 0.4 0.4 0.4
Region II 74.0 21.2 1.4 1.3 2.0

Figure 4.5 shows XRD results for IA particles of 600-710pum in
diameter cooled using helium and nitrogen, as well as comparatively-sized
WA particles. It can be seen from the figure that the rapid solidification of
D2 steel during atomization results in the formation of supersaturated
metastable retained-austenite as well as the complete suppression of ferrite
and martensite. The austenite in the rapidly solidified D2 steel particles was
so stable that the retained austenite did not convert to martensite even after
a quench in liquid nitrogen. The reason is likely the lowering of the
martensite start temperature caused by high supersaturation of austenite.
Bhargava et al. [39] reported similar microstructure for rapidly solidified
D2 steel using the melt spun method, and showed that the lattice parameter
of austenite in melt-spun D2 steel was approximately 1.5% larger than that
for gamma iron, indicating substantial opportunity for excess solution of

carbon and chromium in the austenite.

Figure 4.5 also some small M;Cs peaks which can be attributed to
the eutectic carbides form in the interdendritic region. There are also some
small iron oxide peaks in WA particles which can be due to oxidation of the

droplets during atomizing by water.
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Figure 4.5. XRD patterns for 600-710 um particles produced via IA in
helium and nitrogen as well as WA.

4.3.2. Quantitative analysis

The effect of cooling rate on solidification microstructure was quantified
based on the secondary dendrite arm spacing. Table 4.2 lists the SDAS
(measured using Image Tool software) of WA and IA particles. For the 1A
particles, SDAS is also sorted as a function of particle size and cooling gas.
Table 4.2 shows the average SDAS values of particles and its standard
deviation as a function of particle size and cooling gas. It is shown that by
decreasing particle size, and changing the cooling gas from nitrogen to
helium, the SDAS decreases. Similar effect have been previously reported

in the literature for Al alloy systems [88,105].
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Table 4.2. SDAS as a function of particle size and cooling gas

Particle size Average SDAS (um)

range (Lm) IA in helium IA in nitrogen WA
90-110 - - 1.0+£0.43
300-355 2.4+0.3 3.840.0 1.9+0.21
600-710 3.440.7 6.0+1.1 4.1+0.2
1000-1400 5.6x1.0 7.6£1.0 -

High magnification SEM images of the eutectic material in IA
particles, shown in Figure 4.6, indicate that the eutectic structure of
particles atomized in helium (Figure 4.6.a) is much finer as compared to the
particles atomized in nitrogen (Figure 4.6.b) for the same particle size.
Concurrently, the interlamellae spacing is higher for the case of
solidification in nitrogen (0.11£0.04um, Figure 4.6.b) as compared to that

in helium (0.22+0.05um, Figure 4.6.a). Based on work by Fischmeister et

al. [106], the thickness of eutectic lamellac is proportional to dT/ dtj,
where (dT/dt). is the average cooling rate, which is the result of
multiplication of mean temperature gradient around the dendrite arm and
growth rate of dendrite. Thus, the measurements of the interlamellae
spacing suggest that the average cooling rate for solidification in helium is
approximately 16 times higher than that in nitrogen for the 1200um-sized

particle.
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Figure 4.6. High-magnification BSE-SEM images of D2 tool steel: (a) 1200
um IA particle in helium, (b) 1200 um IA particle in nitrogen and (c)
655um WA particle.

A high magnification SEM image of the eutectic material in a
655um WA particle is also provided in Figure 4.6.c, for comparison
purposes. In this particle, the eutectic lamellar spacing is about
0.10+0.03um. Since the interlamellae spacing calculated for Figure 4.6.a
and Figure 4.6.c are very similar, it can be concluded that the cooling rates
during eutectic solidification in WA and TA with helium are almost the

same for the same sized powder.

Figure 4.7 reports the effect of cooling gas and particle size on the

amount of eutectic in WA and TA particles. First, it can be seen that the
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eutectic area fraction is smaller for the small particles with higher cooling
rates. Second, for the A particles, the error bars increase with increasing
particle size. This indicates that, similar to Al-Cu and Al-Fe systems
[37,107], the D2 tool steel particles are less homogeneous as the particle

size increases.
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Figure 4.7. Eutectic area fraction as a function of particle size and cooling
gas for IA and WA.

Eutectic Area Fraction (%)

The equilibrium and Scheil eutectic fractions are also provided on
Figure 4.7, for comparison purposes. Scheil calculations (assuming prefect
mixing in the liquid and no diffusion in the solid [37]) have been done using
Thermocalc software for D2 tool steel at eutectic temperature'. As can be

seen, the measured values of eutectic area fraction for D2 tool steel are

! Using Thermocalc ver. 5.0.4.75 software, TCFE6 v6 database and Scheil calculation
feature for multicomponent alloy systems
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considerably less than what is predicted by the two limiting theoretical
cases. Previous atomization studies, with Al-Fe and Al-Cu, have shown that
eutectic undercooling is responsible for this reduction in the fraction
eutectic [37,107]. Kurz and Trivedi have shown that by increasing the
solidification rate (which results in the higher growth velocity), the
equilibrium phase diagram is changed so that there are reduced amounts of
eutectic [108]. The same trend has been shown for rapidly solidified Al-Cu
and Al-Si alloys by Sarreal and Abbaschian [109]. These authors attributed
the lower amount of eutectic to both dendrite tip undercooling as well as
eutectic undercooling. Formation of the eutectic can even be suppressed
completely, due to formation of a metastable supersaturated solid solution
[110]. This is attributed to the features of rapid solidification, as the

interface velocity is higher than the solute diffusion speed in bulk phases.

4.3.3. Solidification Kinetics
The measured A, values shown in Table 4.2, in combination with the
eutectic fraction measurements shown in Figure 4.7 can be used to provide

new insights into the solidification kinetics of the D2 tool steel.

Based on the results shown in Figure 4.7, it would appear that the
atomization process produces material with a wide range of eutectic
fraction. For the IA process, the eutectic fraction varies from 8% to 20% as
a function of particle size. In contrast, the equilibrium (lever-rule) eutectic
content of a D2 tool steel with 1.55 wt.%C, based on the phase diagram

shown in Figure 4.1, is approximately 22% with the transformation
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occurring at 1270°C. It is possible to estimate the required undercooling
prior to nucleation of the eutectic by comparing the measured values to the
eutectic fractions predicted via metastable extensions of the liquidus and
solidus lines below the equilibrium eutectic temperature. Metastable
extension of liquidus and solidus lines were extracted using Thermocalc

software (Figure 4.8).

The temperature at which the extensions of liquidus and solidus
yield a eutectic fraction equal to that experimentally measured is shown in
Figure 4.9. From Figure 4.9, larger undercoolings are found to occur when
the eutectic fraction is small. As the eutectic fraction is inversely
proportional to particle size (Figure 4.7), it can be postulated that the fine
eutectic lamellae spacing observed in Figure 4.6.c and other small particles

is directly related to undercooling temperature and growth rate of eutectic.

The secondary dendrite spacing, A,, can be expressed as a function

of the coarsening kinetics and is proportional to the cube root of time [4],

1
A, = 5.5(Mtg,)3 Eq.4.2
with
"
y —I'Din(Z Eq. 43

" mA - k) ("~ Cy)
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Figure 4.8. D2 tool steel phase diagram showing metastable extension of
liquidus and solidus lines using Thermocalc software.

where I' is the Gibbs-Thompson coefficient (=107 mK [111]), D is the
diffusion coefficient of solute in the liquid (D=10" m*"'[112]), m is the
slope of the liquids line, C{" is the composition of the last liquid to solidify,
Cy is the overall composition, tg; is the solidification time of the primary
phase, k is the distribution coefficient and the units of A, are m. Use of
Eq. 4.2 enables an estimation of the solidification time based on the
measured values of A,. The results, provided in the second column of

Table 4.3, indicate that there is considerable variation in #s;. as a function of
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the atomization conditions and particle size; obviously smaller particles

solidify faster.
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Figure 4.9. Effect of eutectic undercooling on the amount of eutectic in TA
and WA D2 tool steel.

Equating Eq. 4.2 (which relates A, with solute partitioning) with
Eq. 2.5 (which relates A, to cooling rate) and assuming n=§ leads to the

expression below:
Bx107, 1 Eq. 4.4

3 _
55 0 M

where B=42.1 um(°C/s)" [18]. This expression provides an estimate of the
solidification interval of the primary phase since the temperature range AT,

represents the range over which the secondary dendrite arms coarsen, i.e.
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: 1. .. .
AT, = Tprimary—Teutectic- Although the assumption n= 5 is significant, it is

consistent with experimentally-determined values of # for other steel alloys
during rapid solidification [18]. Values of B and n will be validated in
Chapter 6 as well. It should be noted that the recalescence is not considered
in the coarsening equation and it is known that some recalescence is
happening in reality. The resulting values of AT, for the various atomized
particles are provided in Table 4.3. AT, is found to vary with particle size
and atomization method since Ci™ term in Eq. 4.3 is not taken to be the
equilibrium eutectic composition but rather the values taken from the

metastable liquidus line for D2 tool steel.

Table 4.3. Solidification time and solidification temperature range for
particles solidified at different conditions

ﬁte(;lrln(j (ziation ;izlfziﬁge ggidégcation irlinn;zture range | fr (Vol.%)
(um) for austenite (°C)

300-355 1.03x107 55.11 72+40.9
[A-helium | 600-710 | 4.63x107 54.84 71£0.5
1000-1400 | 1.29x10™ 53.88 68+1.0
300-355 4.15x107 54.64 70+0.8
[A-nitrogen | 600-710 1.59%10"! 54.25 69+1.2
1000-1400 | 3.02x10" 51.71 62+2.1
300-355 8.04x10™ 56.50 84+0.5
WA 600-710 4.86x107 55.50 7240.3
1000-1400 | 5.20x107 55.11 67+0.3
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With AT, and the eutectic undercooling temperatures derived from
the eutectic fractions, one can estimate the nucleation temperature of the
primary phase and the corresponding primary phase undercooling as
compared to the equilibrium phase diagram. It can be seen from Figure 4.10
that for rapid solidification, larger primary phase undercooling results in a
smaller eutectic fraction. Figure 4.11 shows a direct relationship between

particle size and primary phase undercooling.
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Figure 4.10. Effect of primary phase undercooling on the amount of eutectic
in IA and WA D2 tool steel.
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Figure 4.11. Effect of particle size on the primary phase undercooling.

As can be seen, the primary phase undercooling only slightly
decreases with an increase in the particle size to 655um. But, a further
increase in particle size to 1000um results in a significant decrease in
undercooling for the case with a nitrogen atmosphere. The calculated values
of AT and ts;. from Table 4.3 for different D2 tool steel particle sizes during
IA in helium and nitrogen, and WA, can be used to directly determine the
average cooling rate of the primary phase during atomization. These
average cooling rates are provided in Figure 4.12 as a function of eutectic
fraction. As is shown, the eutectic fraction is inversely proportional to the

primary phase cooling rate.
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Figure 4.12. Effect of cooling rate of primary phase on the amount of
eutectic in IA and WA D2 tool steel.

The methodology outlined above for calculating the solidification
interval and the undercooling of the primary phases does not take into
account the dendrite tip kinetics, and is therefore a significant
approximation. But, as shown in Figure 4.10 and Figure 4.11, considerable
variation in undercooling is predicted to occur as a function of particle size
and cooling gas, matching our understanding of the atomization process. In
a companion work [113] on IA rapidly solidified Al-10wt.%Cu droplets,
primary phase undercooling data calculated using the coarsening model
approach outlined in Eq. 4.4 was compared to results obtained from
comprehensive study of eutectic undercooling that combined neutron
diffraction analysis of undercooling temperature, and a microsegregation

model of solidification [114]. This comparison found the coarsening
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approximation to be within 10-15% of the work by Prasad et al. [79], thus
validating the use of this methodology to qualitatively characterize primary

phase undercooling and nucleation during solidification.

The fraction of droplet solidified during recalescence can be
calculated using Eq. 4.1, and the primary phase undercoolings provided in
Figure 4.11'. The calculated fz values for the IA droplets in helium and
nitrogen as well as WA droplets are shown in Table 4.3. Considering these
results, along with the primary phase undercooling presented in Figure 4.10,

it can be seen in

Figure 4.13 that fg increases with increasing primary phase
undercooling. This result is consistent with the work of Prasad et al. [65],
who showed using a combination of experimental and modeling activities
that an increase in the primary phase undercooling for Al-Cu alloys results

in an increase in the fraction of solid that forms during recalescence.

Figure 4.13 also shows that if one extrapolate the fr up to fr=100
Vol.%, primary phase undercooling would reach the hypercooling limit of
264°C. Hypercooling limit is the undercooling at which solidified fraction

at the recalescence is 1 [25]. This value corresponds to a 20um particle

atomized in helium with 4x10° K/s cooling rate.

" The hypercooling limit of 264°C for D2 tool steel was calculated from AHy and C}) material property values
taken from Thermocalc (8.70x10% Jm?, 3.30x10° JK'm®)
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4.3.3.1. Critical radius and activation energy of austenite nucleant

After finding an estimation of primary phase undercooling in the IA
droplets, now it is possible to estimate the critical radius of the austenite
nucleation (r*), as well as its nucleation activation energy (AG*). Assuming
homogenous nucleation, r* and AG* are represented as Eq. 2.3 and

Eq. 2.4, respectively.
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Figure 4.13. Primary phase undercooling versus fraction solidified during
recalescence of D2 tool steel droplets.

Using Thermocalc software, one can calculate the early nucleants of
austenite have about 0.57 wt.% carbon when they first form in the liquid.
Briefly, Thermocalc provides the chemical composition of austenite slightly
below the nucleation temperature of D2 tool. Using this value and
information provided by Mizukamu et al. [115], the solid-liquid interfacial
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energy can be calculated as 0.154Jm™. Using primary undercooling values
of IA-helium, IA-nitrogen and WA produced particles, critical radius of the
austenite nucleation (r*) using Eq. 2.3, as well as its nucleation activation
energy (AG*), using Eq. 2.4, can be calculated and are presented in

Figure 4.14.

Using austenite lattice parameter as a,= 0.358nm provided by Lee et
al. [116], and assuming spherical nucleants of austenite, one can find the
number of unit cells in a homogenous austenite nucleants, as shown in
Figure 4.15. This figure shows that by increasing the primary phase
undercooling, number of unit cells in the austenite nucleant decreases. It
means by increasing the primary phase undercooling, less unit cells need to
be joined in order to make an austenite nucleant with the critical radius.
This means nucleation can proceed faster and easier by increasing the
primary phase undercooling. Information provided in Figure 4.15 would be

useful in modeling of nucleation stage of D2 tool steels.

4.4. Discussion

The microstructure morphology and solidification kinetics during IA and
WA presented in this chapter can provide new insight into the rapid
solidification of D2 tool steel, and its effect on carbide formation during
subsequent heat treatment. As shown in Figure 4.11, larger undercoolings
are required in the small particles prior to primary phase nucleation, which

results in the formation of more austenite during the recalescence event.
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Figure 4.14. (a) Critical radius of austenite nucleant as a function of primary
phase undercooling, (b) Activation energy for formation of austenite
nucleants as a function of critical radius of nucleants.

The degree of supersaturation is related with the eutectic
undercooling as well as primary phase undercooling. Near the eutectic

temperature is where the primary phase gets really supersaturated with
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solute. Also according to Herlach [22], in high amount of primary phase
underoooling, crystal growth velocity is much larger than atomic diffusive
speed which also results in high degree of supersaturation. More liquid
remained in post-recalescence period transforms under Scheil conditions

which cause formation of segregation in the microstructure.
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Figure 4.15. Number of unitcells in the austenite nucleants during
homogenous nucleation of austenite.

In the case of primary phase undercooling, since the amount of
supersaturated solid solution is affected by fr [25], it can be hypothesized
that there will be different levels of supersaturation according to the degree
of undercooling achieved in different particles; smaller particles will have
higher levels of supersaturation in alloying elements as compared to the

larger ones. As the degree of supersaturation provides the driving force for
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precipitation of secondary phases during heat treatment, smaller particles
are expected to precipitate carbides on a finer scale, providing enhanced
mechanical properties [117]. At the same time, there is a limit to the degree
of undercooling, and hence carbide spacing, that can be achieved with rapid
solidification. Although the hypercooling limit for the D2 tool steel under
adiabatic solidification conditions is about 264°C, the maximum value

found achieved in the IA and WA experiments is about 140°C.

The variation in A, shown in Table 4.2 and in eutectic fraction
shown in Figure 4.7 indicate that the microstructure is affected by the
choice of cooling gas and therefore, solidification of these particles cannot
be considered as completely adiabatic. But, as shown in Figure 4.11, the
largest particles appear to be largely affected by the choice of cooling gas.
In the smaller particles, only a slight increase in primary phase
undercooling is obtained when cooling with helium as compared to
nitrogen. For example, in 328um particles shown in Figure 4.11, the
difference in primary undercooling values in helium and nitrogen is about
9°C, while this difference in 1000pm droplets is about 25°C. Due to the
small volume of the smaller particles, and therefore less latent heat of
fusion, most of the heat generated during solidification is accommodated by
the liquid, which minimizes the effect of the cooling gas. In the larger
particles, however, the abundance of active nucleation sites can be

overcome by the increased cooling power of helium, causing droplets to
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begin solidification at larger undercoolings. At this size, solidification is

controlled mainly by external heat extraction, as found previously in [118].

4.4.1. Sensitivity analysis on chemical composition of D2 tool steel

As shown in Table 2.2, D2 tool steel chemical composition shows a range
of alloying elements. Since carbon and chromium are the major alloying
elements in D2 tool steel, a sensitivity analysis has been done on the effect
of carbon and chromium content on the calculated amount of eutectic
undercooling using chemical composition of D2 tool steel used in this

study.

To do so, phase diagrams of D2 tool steel were generated using
chromium contents of 11wt.% and 13wt.% (upper and lower range of
chromium in D2 tool steel). Generated D2 phase diagrams using different
chromium values do not appear to be significantly different. The slope of
solidus and liquidus lines remain almost same (m=-234°C.(wt.%)" and
m=-75°C.(wt.%)™"). The only small difference is in the eutectic temperature
(~ 8°C). The range of carbon content for D2 is from 1.40wt.% to 1.60wt.%.
For this range of chromium and carbon contents, the corresponding range of
eutectic undercooling values was determined to be between 2% to 10%
from the eutectic undercooling values calculated using D2 tool steel
composition in this study. These results show although the phase diagram is
changing by changing the chromium and carbon content, but the eutectic
undercooling values (and as a result primary phase undercooling) are not

very sensitive to the alloying content in the D2 tool steel chemical
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composition range. Thus, the assumed chemical analysis of the WA
powders being the same as that of [A powders has no effect on the trends or

conclusions presented in this work.

4.5. Summary

In this chapter, the effect of different rapid solidification parameters such as
undercooling and cooling rate on the microstructure and formation of
different phases such as retained austenite was investigated. The as-
atomized microstructure of the powders contains primary retained austenite
dendrites and eutectic of austenite and M-Cs carbides. It was found that
when helium is used as a cooling gas during IA, a finer microstructure,
smaller SDAS and finer eutectic lamellae are obtained as compared to using
nitrogen. Similar results were observed in the smaller particles due to their

higher cooling rates.

The quantitative relationship between solidification undercooling (primary
and eutectic undercooling) and cooling rate and level of supersaturation of
primary phase was also studied in this chapter. There is a higher amount of
primary phase and eutectic undercooling in the particles with higher cooling

rate. The use of helium gas and smaller droplets yield higher cooling rates.

The knowledge of primary phase supersaturation will be used in the Chapter
6 to investigate precipitation of carbides during annealing of rapidly

solidified D2 tool steel.

The need exists to independently verify the primary phase
undercooling  temperatures estimated from the  microstructural
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quantification which are described in this chapter. The following chapter
will cover the efforts for the online real-time diagnostics of the atomized
droplets during the free fall. Chapter 5 describes efforts to find a
methodology to measure the undercooling of IA droplets, using online

measurement techniques and modeling.
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Chapter 5

5. Online real-time diagnostics of a single fluid atomization system
5.1. Introduction

The possibility to control the morphology and microstructure can be
achieved by variation of different solidification conditions (such as
undercooling or cooling rate). This can substantially affect the physical and

mechanical properties of alloys.

A number of models have been reported for predicting or estimating
the undercooling temperature of droplets in gas and single fluid atomization
systems as well as drop tubes [79,119,120]. There are no feasible
experimental techniques available yet to directly validate these models or
estimates. As previously shown in Chapter 4, primary and eutectic
undercoolings were calculated indirectly, using volume fraction of primary
phase and eutectic formed during solidification. An indirect method of
validation was also presented by Prasad et al. [65]. In this approach,
microtomographic images were analyzed in order to locate the region in
which the growth in a particle has been initiated. The volume of this region
was measured and compared with predictions based on a microsegregation
model. A variable undercooling of the primary phase was incorporated in
this model [79,87]. This approach has led to estimations of primary phase
undercooling of about 15 to 20°C in AI-Cu droplets. The problem

associated with this approach is that the initial growth region in a particle is
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not always visible. This approach involves measurement errors which
reduces the accuracy of final measurement. Eutectic undercooling has also
been estimated by measuring the fraction of eutectic in the solidified
structure either using SEM images or neutron diffraction [37,87]. The
measured quantity is compared with the respective phase diagram of the
system under study. Solidus and liquidus lines are extended until agreement
is found between measured eutectic fraction and the extended lines on the
phase diagram. The eutectic temperature corresponding to this agreement is
taken to be the nucleation temperature of the eutectic. Temperature
measurements of a droplet levitated in an electromagnetic field was
reported by Gandin et al. [114] using a high speed pyrometer. They clearly
reported primary phase and eutectic undercooling measurements of an Al-

24Cu droplet with 6mm diameter.

A systematic effort on the investigation of thermal history of falling
droplets in-situ during atomization is rare [121]. In addition to the thermal
history, in-situ measurement of the droplet diameter in order to measyre the
initial and instantaneous velocity is vital in validating solidification models.
This section reports on an effort to make such measurements on droplets in
flight and in-situ during the atomization of copper and D2 steel. Two
measuring instruments were used: a shadowgraph to measure droplet
velocity and diameter and a DPV-2000 (a two color pyrometer) for droplet

radiation measurements.
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Shadowgraph is a high-magnification shadow imaging system which
is used for visualizing particles (Figure 5.1). It is based on high resolution
imaging with pulsed backlight illumination. This technique is independent
of the shape and material of the particles and allows the investigation of

sizes down to the micron scale.

In order to illuminate the falling droplets, a double pulse laser was
used. By coupling the light source with a double frame camera, it is also

possible to investigate the velocity of the particles.

Data from the shadowgraph will be used to get particle size, particle
position, particle shape and velocity during free fall. The position of the

shadowgraph can be controlled with a translation stage in all three axes.

IMumination Particles Lens Camera
®. .
i - @ F"_—

e v
e
‘e °

Laser with special optics Droplets, Bubbles Farfield ~ VGA, SVGA,

or flashlamp microscope  no Intensifier

Figure 5.1. General view of a shadowgraph system [122].

A two-step segmentation algorithm is applied on the images taken
by the shadowgraph. The first segmentation is to find the location of the
particles which is called the bounding box. In this step, shadow picture of
the droplet is subtracted from a reference image (background atmosphere

image) and an inverted shadow image is then achieved (Figure 5.2). For the
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first segmentation a user defined global threshold is used to detect the
particles (Figure 5.3). The global threshold is relative to the difference
between maximum and minimum intensity of the inverted image. The
droplets images which are above the global threshold are considered for the
next step (#1, #2, #3 and #4 in Figure 5.3). If peaks intensity is below the

global threshold, that peak will be ignored for the further calculations.

Reference image ‘

Figure 5.2. Inverting the shadow image using a reference image [122].

In the second step of the segmentation, areas of the image which are
above the global threshold are selected (Figure 5.3 for particle #3). High
level and low level grey counts can be determined by user based on the
image focus needed for the calculations (Figure 5.4). If high values of “high
level” counts and low values of “low level” counts are selected, less-
focused droplets will be detected by shadowgraph which results in errors in
particle size calculations. Global threshold, high level and low level values

of 40%, 60% and 40% were chosen respectively in this work [122].

In order to calculate the velocity of the droplets, the shadowgraph
software first applies sizing algorithm to each frame of the source images
and stores information about position and size of each droplet. Pictures

taken from both frames then analyzed by the software and based on the
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location of the droplets in both pictures and time between each frame, the
velocity of the droplet is then calculated. The droplets in two pictures are
only accepted if the diameter deviation is within the given range which in

this work it was £5% diameter deviation [122].
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Figure 5.3. Thresholds for the first segmentation [122].
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Figure 5.4. Thresholds for the first segmentation [122].
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The DPV-2000 is a high-speed two colors pyrometer that measures
the effective radiant energy of the particles. According to Planck’s radiation
law, the total energy radiated by a particle can be expressed as:

Cre(ADA°

E(Al) = C,
e /AT 1

Eq. 5.1

where, C;= 3.74x10* W.um"/m* and C,=1.4387x10* pm.K [123]. &(\) is
emissivity at A;, wavelength, and T is temperature. In two color pyrometry,
a measure of the energy radiated from a body is taken at two wavelengths. It
is assumed, for a two color pyrometer, that over the measured temperature
and at wavelengths that are close to each other, the emissivity is not a
function of wavelength. In this work, we aim to test this assumption for
molten copper droplets atomized into an argon gas atmosphere. For molten
droplets, Eq. 5.1 can be re-written in the following form for the DPV-2000:

Cya(A,)d?A7°

Q) =
' eCZ/AiT _q Eq. 5.2

where Q(A;) is proportional to E(A;) and is the quantity measured by the
DPV-2000, a() is proportional to £(Ai) and d is the droplet diameter in um.
The DPV-2000 reports measurements of Q at two specific wavelengths
designed into the instrument. For these experiments these wavelengths are,
A1 1s 0.787 pm and A, is 0.995 um. A mathematical model was also utilized
to predict the temperature of falling copper droplets at different heights,
which was explained in section 2.4. Thus, for a given measurement of Q for

a known droplet size and distance below the nozzle, a(A;) at each
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wavelength is the only unknown in Eq. 5.2 and will be compared for values
determined at A; and A,. The following section addresses attempts to
understand radiant energy change of droplets at different distances, due to

heat loss and solidification.

5.1.1. DPV-2000 hypotheses

There are several hypotheses which are considered in DPV-2000
measurements [94]. Some of them can be considered as the principles in
calculations and some of them should be explored in order to find out if

they are meaningful in IA application:

e Molten droplets are considered as gray body emitters, i.e. g(A)=
e(ha),

e Molten droplets should be spherical (or close to spherical); which in
IA almost all of the droplets are spherical when atomized in an inert
gas environment,

e Regardless of the size, All droplets have similar g(A).

These hypotheses will be evaluated in this chapter in the free fall

droplets condition.

Figure 5.5 shows droplets of copper and D2 tool steel at 4cm and 10cm
below the nozzle plates, respectively. These images were taken by
shadowgraph. It can be seen from this figure that almost all droplets are
spherical at the minimum distances (4cm in D2 and 10cm in copper)

from nozzle plate where DPV-2000 has been located.
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(a) (b)
Figure 5.5. shadowgraph images of droplets during free fall, (a) molten D2
tool steel at 4cm below the nozzle plate and (b) molten copper at 10cm
below the nozzle plate.

5.1.2. DPV-2000 temperature measurement

As previously mentioned, DPV-2000 is a high-speed, high precision two
color pyrometer. Surface temperature of the particles, T, is then measured
based on Planck’s radiation law (Eq. 5.1). Assuming gray body hypothesis,

A1 and A, are chosen close enough so that &(A;)~€(A,), then [94]:

-5
RzE(Al)z(ﬁ) AT Eq. 5.3
E(A;) \1
P CA-)| 1 Eq. 5.4
Mz

InR + 5In(§2
2
5.1.3. DPV-2000 diameter measurement

Using Planck’s law (Eq. 5.2) and considering all droplets are spherical, one

can write that the diameter of particle is:
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DC

where DC is the Diameter Coefficient and equal to:

_ Cl' S(Al)ll_s

DC
eCZ/AiT -1

Eq.5.6

As shown in Eq. 5.6, the diameter coefficient is dependent on the
temperature of the droplet. Since at each distance, the temperature of
droplet of different sizes is different, one should calibrate DPV-2000 device
at each measuring distance. After calibration of DPV-2000 at each
measuring distance, it has been reported by DPV-2000 manufacturer
(TECNAR) [94] that precision of particle size measurement is between 7-
15% and that it is greatly dependant on the validity of the initial hypotheses,

especially sphericity of molten droplets.

5.2. Results and discussion

5.2.1. DPV-2000 diameter measurement calibration

The shadowgraph was used to calibrate the DPV-2000 diameter
measurement. As described earlier, shadowgraph technique is independent
of the shape and material of the particles. The measured particle size using

shadowgraph was used to calibrate diameter measurement of DPV-2000.

During atomization, the shadowgraph was continuously collecting
droplet size and velocity data at SHz frequency. For copper atomization run
at 15cm, a total number of 5200 droplets were measured by shadowgraph

during the entire atomization time of two minutes and Dse=580um has been
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measured for this set of droplets at 15cm. For the same atomization run,

DPV-2000 collected 295 droplets with Dsy of 652 pm.

According to DPV-2000 reference manual [124], new Diameter

Coefficient (after calibration) can be calculated using following equation:

Current Diametery?
New DC = Current DC X - Eq. 5.7
Target Diameter

where “New DC” is the diameter coefficient after calibration, “Current DC”
is the diameter coefficient which is used before the calibration, “current
diameter” is Dsy measured by DPV-2000 before calibration and “Target
Diameter” is Dsp measured by shadowgraph. Before calibration, “Current
DC” value was 6197. After doing the calibration according to Eq. 5.7,

“New DC” value for 15¢cm would be 7845.

5.2.2. Online measurements

Figure 5.6 shows velocity of the falling droplets collected by shadowgraph
at 15cm below the nozzle plate. It shows distribution of velocity for range
of droplet sizes. This atomization run was done with pure copper (99.99%
purity), 1400°C superheat, argon as cooling gas, graphite nozzle plate with

37 holes each 500um diameter and run number of 110408.

Using this data will result in formation of lots of noise in the following
calculations based on the velocity (initial velocity and temperature).
Considering that the DPV-2000 has an error in the measurement of diameter
of 7%, one can find average velocities for the range of particle sizes which

sit in the 7% measurement error as limited by DPV-2000. Figure 5.7
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represents average velocities (as well as the standard deviation) for each

range of droplet size measured by shadowgraph, which sits in 7% of DPV-

2000 diameter measurement.
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Figure 5.6. Velocity as a function of droplet size of falling droplets
collected by shadowgraph system at 15c¢m below the nozzle plate.
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Figure 5.7. Average velocity of IA droplets of copper measured at 15cm
below the nozzle plate by shadowgraph for range of droplets within 7%
precision measurement range of DPV-2000.
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Another approach to analyzing the data is as follows. Using
statistical analysis, one can plot Q1, Q2 and Q3' for velocity data for
different range of particle sizes in the form of a boxplot (Figure 5.8).

Velocity (m/s)

8

Q3 (upper quarticle-75%

of data)
. . . Q2 (middle quartile-

median)
Q1 (lower quartile-25%
of data)

N

100to 200 200to 300 300to 400 400to 500 500to 600 600to 700 700to 800 800 to 900
Particle size (um)

Figure 5.8. Boxplot showing velocity of copper droplets in different particle
size range at 15cm below the nozzle plate.

The line in the middle of the boxes in Figure 5.8 shows the median
value of velocity for each droplet size. It can be seen that at each particle
size range, median values for velocity are close to each other and equal to
1.8m/s. This average velocity can be considered as the average velocity of

droplets at 15cm below the nozzle plate.

The same set of data was collected for falling droplets of D2 tool
steel at 4cm, 18cm and 28 cm below the nozzle plate (Figure 5.9). This
figure shows that at 28cm distance, at each particle size range, median

values for velocity are in the same range and the average equals 3.2m/s.

Q1 is the lower quartile, Q2 is the middle quartile (median) and Q3 is the upper quartile.
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This average velocity value for droplets falling at 4cm and 18cm heights are

2.3m/s and 2.6m/s, respectively.
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Figure 5.9. Velocity as a function of droplet size of falling droplets
collected by shadowgraph system at 28cm below the nozzle plate.

While the shadowgraph was collecting the velocity and diameter of
falling droplets at the center of the plume, the DPV-2000 was measuring the
radiant energy of the droplets from the same location. The focal point of
both shadowgraph and DPV-2000 devices was aimed to be set to the same
point, so there would be a greater chance that both devices to measure the
same droplets at that point. Figure 5.10.a shows the signal counts of each
droplet that DPV-2000 measured at two wavelengths. The area under the
curves shown in the inset of Figure 5.10.a represents the radiant energy and
as such it is a dimensionless value. The radiant energies measured for
different droplet sizes at two different wavelengths are shown in

Figure 5.10.b. The measurement was done at 15cm below the nozzle plate
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for copper droplets. It can be seen that larger droplets have higher radiant
energy. Same set of data for D2 tool steel droplets at 4cm, 18cm and 28cm

below the nozzle plate is also shown in Figure 5.11.a-c.
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Figure 5.10. The signal counts measured at two different wavelengths for a
single droplet, (b) Radiant energy vs. droplet diameter measured by DPV-
2000 at 15cm below the nozzle plate (copper).

Figure 5.11.d shows power curve fitted radiant energy at wavelength
1 (Q(A1)) versus droplet diameter curve measured at A; at different heights
for the droplets that are fully liquid, including those that are undercooled
(for D2 tool steel). The undercooling values used in these calculations are
based on the values calculated in Chapter 4 for different droplet sizes
atomized in nitrogen. The details of the calculations will be discussed in the
following sections. Since Q(A,) shows similar behavior as Q(A;), analyses
will only be shown for Q(A;) results in the rest of this chapter. All the

calculations for A, are included in Appendix A (Figure A.1).
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Figure 5.11. Radiant energy vs. droplet diameter measured by DPV-2000 at
(a) 4cm, (b) 18cm and (c) 28cm below the nozzle plate (D2 tool steel). (d)
power curve fitted radiant energy of Q(A;) as a function of droplet diameter
for the fully liquid D2 tool steel droplets.

Figure 5.12 also shows power curve fitted radiant energy at
wavelength 1 (Q(A;)) versus droplet diameter curve measured at A; at
different heights for copper droplets that are fully liquid with no
undercooling. It can be seen from the figure that Q(A;) values at 10cm and
15cm distances below the nozzle plate are so close, compared to that in
50cm. This can be due to small distance between 10cm and 15¢cm compared
to 50cm and therefore, similar Q(A;) values have been achieved from DPV-
2000 at these two distances. Similar graph for Q(A;) values as a function of
copper droplet diameter is also plotted which is shown in Figure A.2 in

Appendix A.
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Figure 5.12. Power curve fitted radiant energy of Q(A;) as a function of
droplet diameter for the fully liquid copper droplets.

5.2.3. Droplets temperature calculations

In order to find the temperature of a given droplet size at different distances
from the nozzle plate a heat loss model discussed in section 2.4 was used.
The droplet’s initial temperature (i.e. atomization temperature) and initial
velocity (i.e. the exit velocity from the nozzle plate) are required. The initial
temperature was 1400°C and 1600°C for copper and D2 tool steel

atomization, respectively.

The following procedure is used to calculate temperature of
droplets: for a given droplet size, the model is run using varying initial
velocities. The initial velocity that yields the average velocity determined
using the shadowgraph at 15cm below the nozzle plate is taken as the
correct initial velocity for that particle size. Figure 5.13 is a plot of velocity

versus distance from the nozzle plate for different droplet sizes. All of these
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different trajectories yield an average velocity of 1.8m/s at 15cm below the
nozzle plate as measured by the shadowgraph. These initial velocities were
used along with their corresponding droplet sizes to estimate the droplet
temperature at 15cm below the nozzle plate. The temperature predictions
are plotted in Figure 5.14 for copper. From these results, it is apparent that
all particles except 294um are still molten at this position. Temperature

calculation for D2 tool steel will be shown in section 5.2.4.2.

2.5 -

Velocity (m/s)

——970um

0.5 T T
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Figure 5.13. Velocity as a function of distance of droplets from the nozzle
plate for different droplet sizes, generated from the model.

5.2.4. Calculated temperature and measured radiant energy

correlation
5.2.4.1. Calculated temperature of Copper

Temperature of copper droplets at different falling distances from nozzle

plate calculated using thermal loss model is shown in Figure 5.15. Note that
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no undercooling has been considered during the temperature calculation of

copper droplets.
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Figure 5.14. Temperature vs. distance from nozzle plate (plotted using the
model), using initial velocities calculated from Figure 5.13. Dashed line
shows distance from the nozzle plate (15cm).
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Figure 5.15. Calculated temperature of copper droplets at different falling
distances.
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Figure 5.15 shows that copper droplets at 10cm from the nozzle
plates are all in the liquid state. By falling further down, to 15cm, finer
droplets start solidifying while the large ones are still liquid. At larger
falling distance (50cm), droplets as coarse as 500 microns are also
solidifying. Using the heat loss model, it is also possible to calculate the
fraction of solid that forms in each particle during solidification. Also, since
the droplets reach their respective velocities at each distance from the
nozzle plate, therefore, they should have different initial velocities when
they exit the nozzle plate orifices. Figure 5.16 shows the solidified fraction
of copper droplets at Ty, (Figure 5.15) at 15cm and 50cm from the nozzle

plate. Initial velocity of same semi-solid droplets is also shown in

Figure 5.16.
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Figure 5.16. Solidified fraction of copper droplets at 15cm and 50cm of
nozzle plate, as well as initial velocity of droplets exiting from the orifices.
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As shown in Figure 5.16, at 15cm, particles up to 350um in size are
in the semi-solid format which covers fraction solid range from 0.76 to 0.
At 50cm, larger droplets are in the semi-solid form while they were

completely liquid at lower distances.

5.2.4.2. Calculated temperature of D2 steel

A methodology was shown in Chapter 4 where primary phase undercooling
of D2 tool steel was estimated. Since it is not possible to apply that
methodology to copper particles (there is no microstructural indication as
primary phase and eutectic region in the pure copper), no modelling was
done on copper considering primary phase undercooling. Since primary
phase undercooling data are available from Chapter 4, one can model
temperature behaviour of D2 droplets during their free fall considering

primary phase undercooling.

In order to calculate primary and eutectic undercooling values for
different particle sizes, linear regression of undercooling values (Figure 4.9
and Figure 4.10) of three particle size rages (300-355um, 600-710um, 1000-
1400pm atomized in nitrogen) was used (Figure 5.17). The primary
undercooling values were used in the thermal model in order to calculate

fraction solidified for different particle sizes at different distances.
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Figure 5.17. Primary and eutectic undercooling values as a function of
particle size of droplets atomized in the nitrogen atmosphere.

The primary undercooling values will be used in the droplet thermal
model as part of the analysis of online measurements of the falling droplets.
Using the thermal model, the velocity measured by shadowgraph, and the
primary undercooling temperatures, one can calculate thermal history of
different size droplets at different falling heights (Figure 5.18) [80].
Figure 5.18 is a plot of droplet temperature versus particle size. For a given
height below the nozzle plate, e.g. 4cm, the temperature of droplets of a
given size is calculated and presented in Figure 5.18. Once the temperature
falls below the liquidus temperature, that droplet is undercooled. When the
experimentally determined primary undercooling is achieved for a given
droplet size, solidification begins. Note that in this model, only the thermal
component of solidification is accounted for. Nevertheless, recalescence is
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observed by virtue of the droplet temperature rising after primary phase

nucleation as seen in Figure 5.18.

Using the graph in Figure 5.18, one can identify the droplet sizes
that are fully undercooled at the measuring heights. Namely these are for
4cm, 18cm and 28cm, 206um, 486um and 604pm, respectively. These
droplets will be the limit of the region where further analysis will be

developed in the next section.
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Figure 5.18. Temperature of falling D2 steel droplets in heights calculated
by the heat loss model.

At 4cm, 18cm and 28cm below the nozzle plate, droplets of D2 steel
finer than 270um, 690um and 850um are semi-solid, respectively. Larger
fraction of droplet size at 18cm and 28cm are in the semi-solid temperature
range compared to the 4cm droplets. Droplets at 28cm have lower

temperatures compared to that atl8cm which shows fraction solidified of
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D2 tool steel droplets at 4cm, 18cm and 28cm falling distances from the

nozzle plate.

5.2.5. Radiant energy analysis of droplets at difference falling distances
Different factors such as temperature, size and wavelength affect tbe
emissivity of a material [123]. In this section, the variation of emissivity for

different droplet sizes will be examined.

Eq. 5.2 can be written as follows:

2.
Qézl) = K; CLa(A)A7° Eq. 5.8
where
1
Ki=—; ; Eq. 5.9
e AT —1

Since in Eq. 5.8 and Eq. 5.9, C;, C, and A; are constants, one can
plot Q(\i)/d* versus K; at different heights. The slope of the graph at
different heights for a constant droplet size is related to a(A;). Figure 5.19
shows Q(A)/d* versus K values for the D2 steel liquid droplets at different
heights during free fall. It also shows the K; value related to the melting
temperature of D2 steel (dashed vertical line). All the droplets left of the
line are experiencing primary phase undercooling. Therefore, they are all in
the liquid state. Note that for each of the curves in Figure 5.19, each data
point represents a particle of a different size. If one joins the points

representing the same size particles but at different distances below the
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orifice, then one can evaluate whether a()A;) is constant or variable. In
Figure 5.19, the points for three droplets are joined, 614um, 700um and
800pum. The solid lines connect Q(A)/d* values at different heights but for
the same droplet size. Again, according to Eq. 5.8, Q(A)/d* versus K; slope
(for the specific particle size ) should be a linear line passing zero points of
the coordinate system. This behaviour is visible between 18cm and 28cm
data points. But, when it goes to 4cm data, it does not follow the trend. This
needs further analysis, but it can be related to the larger variation of
emissivity from 4cm to 18cm compared to that from 18cm to 28cm for the
same particle size. Alternately, this may be due to the DPV-2000 sensor
being affected by the radiation from the bottom of the melt crucible due to
its close proximity to it at 4cm. Therefore, only the results at 18 and 28 cm
will be further discussed. Also, Q(A)/d* versus K; slope (for the specific
particle size ) is changing with changing the particle size. This shows that
the emissivity is also changing with particle size. An advantage of plotting
Q(?»i)/d2 versus K; is that direct effect of emissivity can be reduced in the
calculation to only the slope of the plot and thus will not affect the
subsequent analysis of droplet temperature. Q(A;)/d* versus K; plot for

wavelength A, for D2 droplets is shown in Figure A.3 in Appendix A.
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Figure 5.19. Q(A;)/d* versus K, graph at different heights for the D2 steel

liquid droplets.

Similar to D2 tool steel, Figure 5.20 shows Q(\)/d* versus K

values for copper liquid droplets at different heights during free fall.
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Figure 5.20. Q(A;)/d* versus K1 graph at different heights for copper liquid

droplets.
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Considering the same approach discussed for D2 tool steel droplets
in Figure 5.19, in copper droplets shown in Figure 5.20, the solid lines
connect Q(\)/d* values at different heights but for the same droplet sizes
(616pum, 772um and 983um). Again, according to Eq. 5.8, Q(A;)/d* slope
(for the specific particle size ) should be a linear line passing zero points of
the coordinate system. It can be seen from Figure 5.20 that the lines are
passing a point close to zero. As demonstrated in Figure 5.12, Q(A;) values
in 10cm and 15cm distances are so close and therefore in Figure 5.20,
Q(\)/d* values for these two distances almost cover the same K1 range.
Joining the points from these two distances representing the same size
particles to 50cm (i.e. between 10cm and 50cm or 15¢cm and 50cm),
represents a linear line passing a point close to the zero point of the
coordinate system. Q(\;)/d* versus K; plot for wavelength A, for copper
droplets is shown in Figure A.4 in Appendix A. Based on these results using
copper and D2 at two different wavelengths, it is clear that the emissivity of
droplets is a function of material, size and temperature. As an example,

slope of the lines in D2 (Figure 5.19) for 614um, 700pm and 800pum
droplets is 1.3x10° um'z, 1.2x10° um'2 and 6.8x10° p.m'z, respectively.

5.2.5.1. Estimation of droplet size and temperature at which

solidification starts
After solidification starts, there is the generation of latent heat of
solidification which increases the temperature of the droplets (as shows in

Figure 5.18). Therefore, Q(A)/d*> versus K; plot would show a
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discontinuous change in K; values. Figure 5.21 shows Q(A;)/d* versus K,
plot for semi-solid droplets at different heights. Note that the Q(A;) values
used are the experimental ones that are averaged for each particle size range
which lie inside the measurement accuracy of DPV-2000. The fraction
solidified during solidification of droplets at different heights is also shown
in this figure. It can be seen that fraction solidified is increasing toward the

smaller K, values (lower temperatures).
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Figure 5.21. Q(A;)/d” and fraction solidified versus K, graphs at different
heights for the semi-solid droplets.

One can superimpose the results shown in Figure 5.19 with those of
Figure 5.21 in order to follow the behaviour of droplets before and after the
start of the solidification (Figure 5.22). The error bars have been eliminated
from the plot in Figure 5.22 for ease of presentation and for ease of
identifying the average trend in the results. The error bars will be further
discussed below. Figure 5.22 also shows the linear extension of the semi-

solid curve and its intersection with the liquid trend data. The intersection
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points at 18cm and 28cm heights correspond to 1386°C and 1376°C
temperature, respectively. These intersection points seem to relate to the
droplet size at which the solidification has just started (i.e. the end of
recalescence). This finite solid fraction and temperature rise can be
attributed to be close to when recalescence ends. The intersection
temperature therefore can be equal to the maximum temperature achieved

by the droplet following recalescence.

Droplet size and temperature at which solidification has just started
can be used in the heat flow model (at 18cm and 28cm heights) to confirm
these values. The thermal model is run for 485um and 605um droplets with
their respective initial velocities. The droplet height when solidification
begins is determined by the model. Note that the calculation accounts for
the experimentally estimated primary phase undercooling. The model
outputs show that at 18.5cm height, solidification is starting for 485um
droplets. Also, for 605 um droplet, at 29.5cm, solidification starts according
to the model. This information shows that the results from DPV-2000 are
within 0.5cm (or within 2%) and 1.5cm (or within 5%) of the model results

for 485um droplet (at 18cm) and 605um (at 28cm), respectively.

5.2.5.2. Discussion about DPV-2000 precision

DPV-2000 collects data from falling droplets depending on the several
variables such as temperature, size, velocity and trajectory of the droplets. If
any of these parameters do not meet DPV-2000 requirements (i.e. very slow

droplets, not-vertically falling droplets, low temperature, etc.), DPV-2000
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does not collect any information from the droplets or measures it with low
precision. For example, only droplets with temperature between 1000°C to
4000°C can be detected by DPV-2000. Temperatures close to the detection
limits would be measured by DPV-2000 but with low precision [94]. These
cause some errors attributed to DPV-2000 calculations (error bars in
Figure 5.21 for semi-solid droplets). These errors can be attributed in part to

instrument and measurement errors.
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Figure 5.22. Q(\)/d* versus K, graphs at different heights for the both
liquid and semi-solid droplets at (a) 18cm and (b) 28cm heights.
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On the other hand, nucleation is also a random phenomenon.
Nucleation occurs spontaneously and randomly, and as has been shown
earlier, primary phase nucleation requires undercooling of the liquid. A
droplet is solidifying when nucleation requirements (i.e. chemical potential

balance in the system) which are called solidification requirements.

In order to collect the solidification information using DPV-2000,
both instrument and measurement errors, and solidification requirements are
taking place simultaneously. Therefore, collecting information from a
droplet (with the qualified properties for DPV-2000) at the precise time or
position when it starts to solidify has a very low probability. Also, the time
duration of recalescence from its start to its completion is much smaller
than the measurement capability of DPV-2000. For example for 450um
droplet, the duration of recalescence is about 107 s. Also, at 28cm height,
the time of flight of the same size droplet through the two sensors in DPV-
2000 is about 3x10°%. Therefore, DPV-2000 cannot detect droplet’s
recalescence during its free fall in front of DPV-2000. This further
underscores that the temperatures shown in Figure 5.22 represent the

droplet temperature following recalescence for the respective droplet sizes.

5.3. Summary

In this chapter, efforts were done in order to investigate possibilities to
investigate temperature behaviour of falling droplets. This was done with
using DPV-2000 and shadowgraph devices measuring radiant energy,

velocity and size of droplets at different distances of falling. With a help of
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a thermal prediction model, a methodology was developed to correlate the
radiant energy of droplets to the droplet size and temperature at which the
recalescence has ended. Reasonable values were obtained comparing to the
results from the heat loss model. It was also shown that droplet effective
emissivities vary with material, size and temperature. In the next chapter,
heat treatment of rapidly solidified D2 tool steel powders will be discussed
and the effect of supersaturation on the final microstructure and phases will

be investigated.
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Chapter 6

6. Effect of heat treatment on microstructure and mechanical

properties of rapidly solidified D2 tool steel
6.1. Introduction
A well-known high chromium and high carbon tool steel, D2 tool steel can
be found in many industrial applications. Good wear and abrasion
properties have been reported in these steels which are due to the formation
of a high volume fraction of carbides in these steels [7]. But,
microsegregation in these alloys should be reduced in order to obtain good

mechanical properties.

Although the D2 tool steel has lots of applications in industry, few
studies of microstructure characterization during RS processing have been
done for this alloy. One set of studies reported results for RS material using
splat quenching and melt spinning [34,39]. Some investigation on a cold
worked tool steel produced via powder metallurgy process were reported by
Blaha et al. [8], where effect of different alloying elements on final
mechanical properties of cold worked tool steel was investigated. In this
chapter, the effect of rapid solidification via IA and subsequent heat
treatment on the microstructure and phase formation of D2 tool steel is
analyzed. It was shown in Chapter 4 that droplets solidified at faster cooling
rates had larger primary and eutectic undercoolings and a reduction in the
fraction eutectic. Consequently, the retained austenite would be

supersaturated in carbide-forming elements. In this chapter, the effects of
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undercooling, cooling rate and primary phase supersaturation on the heat
treated rapidly solidified in D2 tool steel are explored. Also, in order to find
out how stable retained austenite is, and to trigger the martensitic
transformation within the retained austenite phase, sub-zero treatment was
done on the rapidly solidified particles. In addition, in order to qualitatively
compare the microstructure form in low cooling rates (near equilibrium
conditions) with the rapidly solidified ones, D2 tool steel samples were

solidified at different low temperatures.

6.2. Experimental

6.2.1. Sub-zero treatment

As explained in Chapter 4, supersaturated retained austenite forms after
rapid solidification of D2 tool steel with IA. In order to find out how stable
retained austenite is, samples were quenched in liquid nitrogen. Large
(1200pum) particles atomized in nitrogen and fine (325um) particles
atomized in helium were chosen in order to be quenched. This selection was
made in order to have both the lowest and highest solidification rates.
Microhardness of the powders was measured before and after quenching,

using 100gf load.

6.2.2. Finding the upper limits of the temperature for annealing
Upper limit temperature for annealing (temperature at which austenite
transformation starts, lower critical temperature), was found using a DSC

device. Powders of 600-710um atomized in nitrogen were heated with a
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10K/min heating rate up to 1100°C. The resulting DSC scan is shown in

Figure 6.1 in section 6.3.1.

6.2.3. Annealing of D2 tool steel
Annealing of atomized powders was done using DSC which was explained

in details in section 3.1.2. Results are presented in section 6.3.4.

6.2.4. Solidification at low cooling rates

Comparison has been done between the microstructure of IA samples and
those solidified in near equilibrium conditions. To do so, about 50mg of 1A
particles of D2 tool steel with a diameter of 650um were completely melted
by heating to 1600°C. A Setaram Labsys Evo DSC was used for this
purpose. In order to calibrate the temperature measurement of the DSC,
samples of zinc, tin, Aluminum, silver, gold and nickel standard samples
was used for the entire detectable temperature range. After melting the
sample, solidification started at cooling rate of 0.166°C/sec. To measure the
dendrite arm spacing after slow cooling of the sample, image analysis was
conducted on the SEM micrographs of the solidified samples. Results are
presented in Section 6.3.2. No XRD analysis was done on the slowly
solidified samples. The reason is basically that only small amount of sample
can be analyzed using DSC device and this quantity is not enough for XRD

analysis.
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6.3. Results and discussion

6.3.1. Finding the upper limits of the temperature for annealing

The DSC output was one endothermic and one exothermic peak
(Figure 6.1). According to Bhargava et al. [39], the decomposition of
metastable retained austenite resulted in formation of the exothermic peak,
while onset of the endothermic peak indicates the temperature at which

ferrite transforms to austenite which is around 840°C for D2 tool steel.
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Figure 6.1. DSC graph of 600-710um particles atomized in nitrogen
(heating reate of 10K/min).

6.3.4

All annealing treatments have been conducted at temperatures below
the austenite transformation temperature. The goal is to see the effect of the
temperature on the precipitation of the supersaturated alloying element

inside the non-equilibrium austenite phase in the form of carbides. That is
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why the annealing temperature should not exceed the austenite

transformation temperature.

6.3.2. Solidification at slow cooling rates

Figure 6.2 shows the microstructure of the D2 tool steel solidified with the

cooling rate of 0.166°C/sec.

Figure 6.2. BSE-SEM micrograph of D2 tool steel under coolng rate of
0.166°C/sec. Black regions are the porosity in the mounting material.

Using energy dispersive X-ray (EDX) spectroscopy and the D2 tool
steel phase diagram, the light phase is ferrite and the dark region is
chromium carbide phase (with some vanadium content). EDX analysis of
dark regions (region I in Figure 6.2) shows high amounts of both chromium
and iron in region I which can be attributed to a carbide phase. The lighter
phase (region II in Figure 6.2) shows high amount of iron and slight
quantity of chromium which can be attributed to the ferrite phase. Slowly
solidified particles also have magnetic properties which can confirm

formation of ferrite instead of retained austenite (As-atomized droplets do
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not have magnetic properties since as shown in Chapter 4, they have fully

retained austenite in their microstructure).

It can be seen in Figure 6.2 that the entire carbide region is rejected
to the outer part of the samples and some coarse grain of ferrite have been
formed. It can be seen that by slow cooling the D2 tool steel melt,
segregation of primary phase and carbides happens in the microstructure.
This is a good example of why D2 steel parts are not produced anymore

using conventional casting methods with low cooling rates.

6.3.2.1. Validation of dendrite arm spacing model

As previously mentioned, known cooling rate of 0.166°C/sec was applied in
the DSC. Therefore, using this known cooling rate, it is possible to calculate
the values for B and n introduced in Eq. 2.5. This equation can be used in
order to relate the cooling rate to the SDAS. This equation was used in
Chapter 4 in order to develop an equation to calculate the solidification
range and primary phase undercooling of droplets. Boccalini et al. [18] used
B=42.1um (°C/sec)” and n=0.333 values for high speed steels. Considering
these values as well as the measured SDAS achieved from the DSC sample,
it is possible to compare the imposed cooling rate with the actual value.
Dendrite arm spacing was measured using ImageJ software using a few
dendrites that can be seen in the D2 tool steel solidified at 0.166°C/sec
(Figure 6.3). Some measured dendrites are shown by white arrows in
Figure 6.3. The spacing was about 85um. Then, using the dendrite arm

spacing equation in Chapter 4, the cooling rate of 0.11°C/sec was
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calculated. It can be seen that the calculated cooling rate is close to the
value of 0.166°C/sec imposed by the DSC. This can prove the validity of

the used values for B and n.

e oo d
Figure 6.3. BSE-SEM micrograph of D2 tool steel under cooling rate of
0.166°C/sec. White arrows show some measured dendrites.

6.3.3. Sub-zero treatment of rapidly solidified particles

Figure 6.4 shows the microvickers’ hardness of as-atomized and quenched
particles in liquid nitrogen. First, it can be seen that the hardness of particles
with higher cooling rates (300-355um-helium) is higher than that in
particles with slower cooling rates (1000-1400um-nitrogen). This is because
the particles with a higher cooling rate have a finer microstructure.
Hardness of quenched particles in the liquid nitrogen shows that there is

almost no change in the hardness of the particles after quenching.
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Figure 6.4. Microvickers’ hardness of different sized particles as-atomized
and quenched in the liquid nitrogen.

The results show no trace of martensitic transformation in the
samples. It is clear that the martensitic transformation point for the refined
retained austenite phase is, in fact, lower than the boiling point of nitrogen
in all [A-produced powders. The main parameter affecting the M;
temperature is the composition of the steel [125]. There are different
equations for M; that has been derived empirically or by modelling. These
equations are mostly for the maximum carbon and chromium content of
2.08wt.% and 13.4wt.%, respectively, which cover the D2 tool steel
chemical compositions. As example, Eq. 6.1 and Eq. 6.2 shows two

different empirically derived equations for martensite start temperature

[125-127]:

M(°C) = 500 — 300C — 33Mn — 22Cr — 22Si — 11Mo Eq. 6.1
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M, (°C) = 539 — 423C — 30.4Mn — 12.1Cr — 7.5Mo Eq. 6.2

For the chemical composition of D2 tool steel, the M temperature
for D2 tool steel using Eq. 6.1 and Eq. 6.2 would be -253.2°C and -279.8°C,
respectively. This means that by lowering the temperature of austenite to
the aforementioned temperatures, austenite transforms into martensite.
Since the boiling temperature of liquid nitrogen is about -196°C, quenching
the particles with austenite microstructure does not transform austenite into
martensite. During rapid solidification of steels, the austenite phase is
supersaturated with alloying elements and small grains are also formed
(Figure 4.3). These factors decrease the M; temperature even further

[128,129].

It has been shown that transformation of austenite to martensite is a
process requiring the nucleation stage [130]. In the rapidly solidified D2
droplets, the austenite phase directly grows from the melt during the rapid
solidification process. The high amount of chromium and carbon
supersaturated in this phase is an important factor for lowering the M
temperature [131]. Furthermore, austenite stabilization happens which is
due to formation of very fine austenite domains. The reason is, basically,
high strength of the austenite phase (due to formation of fine austenite
domains) which make it difficult to accommodate the martensite phase

[130].

Zou et al. [130] reported that after quenching rapidly solidified laser

melted D2 tool steel in the liquid nitrogen, no martensitic transformation
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took place. In their work, XRD peaks of quenched rapidly solidified
samples showed no trance of any martensite phase. Peaks only moved
slightly towards lower angles. This indicates that during laser melting and
quenching, a residual stress is introduced to the sample. So, although the
high cooling rate of (~10" K/s) has been reported in that work, after 25
pulses of surface laser melting of D2 steel, the martensitic transformation

was totally suppressed.

6.3.4. Supersaturation during rapid solidification

As mentioned in Chapter 4, there would be different levels of
supersaturation during rapid solidification of D2 tool steel droplets. This
supersaturation is due to the high amount of undercooling and cooling rates
of the droplet. In order to quantify the level of supersaturation, equilibrium
composition of the alloy at different temperatures should be known. Then,
by calculating the concentration of different elements in retained austenite
phase as a result of rapid solidification, one can calculate the level of

supersaturation at any specific temperature after complete solidification.

6.3.4.1. Equilibrium curve for M;C; carbides
The temperature dependence of the solubility product (k) is expressed by

an Arrhenius relationship [47]:

—Q N c
2.303RT 2.303

logk, = Eq. 6.3

where Q is the heat of dissolution, R is the gas constant and c is a constant.

The condensed form of Eq. 6.3 for M;C; type of carbide is [47]:
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B
long7C3 =A- T Eq 6.4

where A and B are constants for a given system and T is the temperature

(K). For M;C; type of carbides, in general, ky7cs is defined as:
kM7C3 = XgMXegc Eq 65

where X.v and Xec are the equilibrium concentrations of M and C at a

specific temperature in wt.% (Considering activity coefficient equal to 1
[47]).

In order to calculate A and B values in Eq. 6.4, one needs to know
kmrcs values at least two different temperatures. Using Themocalc software,
it is possible to find Xevm and Xec at two different temperatures which can

result in calculation of A and B values in Eq. 6.4 (Appendix B):

_ 10091-25D) Eq. 6.6

kM7C3

Using Eq. 6.6, it is possible to plot equilibrium curve of chromium and
carbon elements in austenite at three different temperatures, 550°C, 650°C
and 750°C (Figure 6.5). Figure 6.5 shows that by increasing the temperature
from 550°C to 750°C, solubility of carbon and chromium is increasing
inside the austenite matrix. If [Cr]'[C]’ is less than ki, then the alloying
elements remain in the solution. However if the composition is above the
curve, since system wants to return to equilibrium, the excess amounts of

alloying elements must precipitate out to return to the solubility line.
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Figure 6.5. Equilibrium curve of chromium and carbon at 550°C, 650°C and
750°C in the austenite phase.

The amount of supersaturation of alloying elements at room
temperature can be calculated using equilibrium concentration of alloying
elements in eutectic carbide. According to D2 tool steel phase diagram
(Figure 4.1), eutectic structure has about 62wt.% M;Cs; and 38wt.%
austenite. Since rapid solidification is happening during rapid cooling of the
droplet, one can assume that same eutectic structure remains at room
temperature, since there is not enough time for further diffusion of elements
to change the constituents’ percentage. Figure 4.7 shows eutectic fraction at
the solidified droplets with different cooling rate. Therefore carbide fraction

at each droplet can be calculated. Using Thermocalc software and
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considering initial composition of D2 tool steel (Table 2.2), one can
calculate supersaturated composition of chromium and carbon in the
solidified droplets at room temperature. Table 6.1 shows the results of a
sample calculation for three different droplet sizes IA in helium. The results
are shown in Figure 6.5. Since [Cr] and [C] are above the curve, the excess
amount of chromium and carbon should precipitate out in the form of

precipitates during annealing.

Table 6.1. Sample calculation results for the amount of supersaturated
chromium at room temperature in the retained austenite for the droplets 1A
in helium

) . M;C;5 carbide Amount of Amount of chromium
Particle size . i ) . ) .
range (um) eutectic fraction chromium in in austenite at room
(wt.%) M;C; (wt.%) temperature (wt.%)
300-355 6.76 3.23 8.57
600-710 7.13 341 8.39
1000-1400 8.45 4.04 7.76

6.3.4.2. Quantification of supersaturation
Figure 6.5 shows that by increasing the undercooling/cooling rate,
concentration of chromium and carbon content is increasing inside the final

structure.

Generally, during rapid solidification of D2 tool steel, alloying
elements do not have time to diffuse out of the austenite structure and

remain supersaturated in it. These elements can then precipitate out during
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subsequent annealing cycles in the form of M;C; carbides. Solution

supersaturation for M;Cs carbides (Swmrcs3) is defined as [132]:

X7. X3
il Cl Eq. 6.7

SM7C3 =In l kM c
73

where Xy and X¢ are supersaturated concentration of alloying elements

(Wt.%) in the austenite.

Using the values of alloy composition solidified with different
cooling rates and equilibrium composition at temperatures from 550°C to
750°C (shown in Figure 6.5), it is possible to calculate the level of
supersaturation according to Eq. 6.7. Figure 6.6 shows the level of
supersaturation of carbon and chromium in the solidified D2 steel droplets

with different cooling rates, at three different temperatures.

Figure 6.6 shows that by increasing the cooling rate, the amount of
supersaturation also increases. It can be seen that this increase is faster at
lower cooling rate and reduced at higher cooling rate. It seems that the
amount of supersaturation goes into a limit at each temperature. At lower
cooling rates, dissolved elements in the form of supersaturation are far
below the supersaturation limit and therefore supersaturation increases
faster by increasing the cooling rate at lower cooling rates. Figure 6.6 also
shows that the level of supersaturation is higher at lower temperatures, since
the solubility limit is smaller at lower temperatures. Therefore, with the
same alloy composition, at lower temperature there is higher amount of

supersaturation compared to higher temperatures.

161 |Page



28

m 550°C
B oFH
24 - £
M 650°C
20 A W o N
- )
<
s 16 - M 750°C
> v o N ® IA-He
9
12 - IA-N2
WA
8 1 L] 1 1

1.E+02 1.E+03 1.E+04 1.E+05 1.E+06
Cooling rate (°C/sec)

Figure 6.6. Level of supersaturation of final D2 steel structure at different
temperatures as function of cooling rate.

Effect of eutectic undercooling on the amount of supersaturation is
shown in Figure 6.7. Figure 6.7 shows that eutectic undercooling almost has
linear effect on the amount of supersaturation. So, by increasing the eutectic
undercooling, amount of supersaturation also increases linearly. Same as the
effect of cooling rate, amount of supersaturation at lower temperatures is

larger compared to that in higher temperatures.

The amount of supersaturation in the solution directly affects the
driving force of precipitation. In general, the high concentration of
supersaturated elements in the matrix leads to the larger driving force, AG,,

for the precipitation of carbide (i.e. M;C3) [133]:
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AGV = _V_SM7C3 Eq 68
m

where V,, is the molar volume of the carbide.
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Figure 6.7. Level of supersaturation of final D2 steel structure at different
temperatures as a function of eutectic undercooling.

Precipitation driving force for precipitation of M;Cs type of carbides
from supersaturated retained austenite at 550°C and 750°C annealing
temperatures as a function of droplet cooling rate and eutectic undercooling

are shown in Figure 6.8 and Figure 6.9.
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Figure 6.8. Precipitation driving force for M;C; carbides in the
supersaturated rapidly solidified retained austenite at different temperatures
as function of cooling rate.

Figure 6.8 and Figure 6.9 show that by increasing of the droplet
cooling rate (and primary phase undercooling), precipitation driving force
of M-;Cs type of carbides is increasing in a specific annealing temperature.
Also, it can be seen from these figures that the precipitation driving force is

larger in the lower temperatures.

After quantifying the amount of supersaturation in different
undercooling and cooling rates, it would be useful to quantitatively examine
the effect of this supersaturation on the microstructural features that form

during annealing of rapidly solidified droplets.
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Figure 6.9. Precipitation driving force for M;C; carbides in the
supersaturated rapidly solidified retained austenite at different temperatures
as function of eutectic undercooling.

6.3.5. Phase identification and quantification analysis of annealed

particles

6.3.5.1. X-ray diffraction

Figure 6.10 shows the XRD results for as-atomized particles (300-355um in
helium) and particles that were heat treated at different temperatures. This
figure shows XRD analysis results of 300-355um IA droplets in nitrogen, in
as-atomized and heat treated conditions. It can be seen that rapid
solidification of D2 steel causes supersaturated metastable retained
austenite to form, and completely suppresses the formation of ferrite. All
extra small peaks in Figure 6.10 can be indexed to Fe;O4 type of oxide (as

described in Chapter 4).
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Figure 6.10. XRD patterns for 300-355 pum particles atomized in nitrogen
and annealed for 2 hour at different temperatures. All extra small peaks are
Fe;04 type of oxide

Annealing the particles at 350°C and 450°C does not change the
phases, but upon annealing at 550°C, the retained austenite has transformed
to ferrite. At higher annealing temperatures (i.e. 650°C, 750°C and 810°C),
only ferrite peaks are present. The austenite-to-ferrite transformation, then,
has resulted in carbide precipitation. There are some small peaks which are
related to Fe;O4 type of oxide. Carbides peaks are overlapped with ferrite
and therefore it is not possible to independently identify them. The presence
of carbides (M7C;) for these samples will be discussed later in Section

6.3.6.

Figure 6.11 shows the XRD peaks of annealed 300-355um particles

atomized in helium as well as the as-atomized particles.
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Figure 6.11. XRD patterns for 300-355 um particles atomized in helium and
annealed for 2 hours at different temperatures. All extra small peaks are
Fe;04 type of oxide

Figure 6.11 shows that all the formed phases at different annealing
temperatures are almost same as the ones formed in 300-355um particles
atomized in nitrogen. Figure 6.12 shows the XRD of annealed 600-710um
particles atomized in nitrogen as well as the as-atomized particles. Same as

Figure 6.10, all extra small peaks can be indexed to Fe;O4 type of oxide.

The phases formed in the annealed 600-710um particles atomized in
nitrogen are the same as those formed in the smaller size particles
(Figure 6.10 and Figure 6.11). Figure 6.13 shows the XRD results of 600-

710pum particles atomized in helium as well as the as-atomized ones.
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Figure 6.12. XRD patterns for 600-710 pum particles atomized in nitrogen
and annealed for 2 hour at different temperatures. All extra small peaks are

Fe;04 type of oxide.
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Figure 6.13. XRD patterns for 600-710 um particles atomized in helium and
annealed for 2 hour at different temperatures.
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It has been reported that in the laser melted steels which have lower
carbon and chromium contents than D2 tool steel, M,3C¢ carbides are also
formed as well as M;Cs carbides [134,135]. Some other carbides, including
MoC and (Cr,V),C, were also formed after 14 hours of annealing at 550°C
in the steels with higher carbon and chromium contents than D2 tool steels.
This resulted in secondary carbide precipitation and, therefore, secondary

hardening of the alloy [136].

6.3.5.2. High energy XRD

Since XRD counts of M;Cs carbide are much smaller compared to those of
austenite and ferrite peaks, it is difficult to characterize the carbide peaks
and also not possible to conduct a Rietveld analysis. Therefore, High energy
XRD (HEXRD) has been conducted on selected as-atomized and annealed
particles. Figure 6.14 and Figure 6.15 show HEXRD peaks of 300-355um
and 600-710um atomized in nitrogen particles annealed at 650°C for 2
hours, as well as as-atomized ones. It can be seen in these figures that
because the HEXRD technique has higher resolution, more M;Cs; carbides
peaks are visible, but again, the peaks are small and weak compared to the
austenite and ferrite peaks. The HEXRD results also confirm that ferrite and

M5C; carbides form during annealing of the particles at 650°C.

Similar peaks were achieved for 300-355pum and 600-710um

particles atomized in helium and annealed at 650°C during HEXRD.

Since nitrogen used as a cooling media during different IA runs,

there is a possibility for nitrogen to be absorbed by liquid steel during
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solidification and form some nitride phases. It should be noted that no

nitride peaks were detected in HEXRD results.
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Figure 6.14. High Energy XRD patterns for 300-355um particles atomized
in nitrogen and annealed for 2 hours at 650C.

6.3.5.3. Rietveld analysis

There is a better resolution in the diffraction results from HEXRD, but,

since the carbide peaks are very weak compared to austenite and ferrite

peaks, it is very difficult to conduct an accurate profile refinement in order

to find the phase fractions of these carbides.
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Figure 6.15. High Energy XRD patterns for 600-710pum particles atomized
in nitrogen and annealed for 2 hours at 650°C.

Another option for conducting a Rietveld analysis of the peaks was
to refine the austenite peaks at different annealing temperatures in order to
solve for the value of the austenite lattice parameter at different annealing
temperatures, to find out at what temperature austenite transforms to ferrite
and carbide. Also, if we just ignore the presence of carbide peaks (since the
peaks are so weak), it is possible to calculate the amount of ferrite and
austenite at each temperature in order to estimate the percentage of phase
transformation at each annealing temperature. Profile refinement was
carried out using the software GSAS on XRD patterns from particles of D2
tool steels atomized in helium and nitrogen. In order to confirm values of
the lattice parameter calculated from the software, HEXRD and neutron
diffraction data were also used at available temperatures. Austenite and

ferrite phases were identified. Refinements were conducted on as-atomized
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as well as annealed particles at different temperatures. Figure 6.16 shows an
example of the measured XRD pattern of IA particles with the diameter of
650pm for as-atomized and annealed temperatures, along with the
calculated diffraction pattern. Images are only for four different conditions:
as-atomized, annealed at 350°C, 550°C and 750°C. In this figure, the top
line (red line) indicated the experimentally calculated diffraction pattern.
This pattern is obtained after Rietveld analysis using GSAS software. The
difference between the experimentally observed and calculated diffraction
pattern is shown by the blue line (bottom line). There are some small
vertical bars indicating the positions of the diffraction peaks of the austenite

and ferrite phases.
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Figure 6.16. Profile refinement of D2 tool steel particles with the
diameter size range of 600-710um atomized in nitrogen using the GSAS
computer code in (a) As-atomized with x*=4.80, (b) annealed at 350°C with
v’=1.14, (c) annealed at 550°C with X2=1‘03 and (d) annealed at 750°C with
v’=1.08. Red line: the calculated diffraction pattern. Blue line: the
difference between the observed and calculated diffraction pattern. Small

vertical bars: the position of the austenite and ferrite the diffraction peaks.

6.3.5.4. Lattice parameter and percent transformation

Similar to Section 6.3.5.3, analyses have been conducted on neutron
diffraction data of as-atomized particles in helium and nitrogen, as well as
on high energy XRD data. From the Rietveld analysis results shown in
Figure 6.16 (and the same results for the rest of the samples), it is possible
to achieve lattice parameter of austenite during annealing. Also, by finding

the fraction of austenite and ferrite at each annealing temperature, the
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transformation percent can be calculated. Figure 6.17 shows the lattice

parameter of the microstructure phase as a function of the annealing

temperature for 600-710um particles atomized in nitrogen. The same graph

also shows the percent transformation of austenite to ferrite.
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Figure 6.17. Lattice parameter of austenite and ferrite and percent
transformation of austenite to ferrite as a function of annealing temperature.

Figure 6.17 shows that by annealing the sample up to 550°C, the

lattice parameter of retained austenite is about 0.3623nm. Also, the percent

transformation remains at zero. As the annealing increasing from 550°C to

650°C, phase transformation happens and lattice parameter values change

from 0.3610nm (for austenite) to 0.2871nm (for ferrite). There is also a

steep growth in the value of percent transformation from zero to 75.5%. By
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annealing above 650°C, there is no substantial change in lattice parameter
and percent transformation. The size of the lattice parameter for ferrite is
0.2871nm [137]. This means that at 550°C, austenite transforms to ferrite
and, therefore, carbide precipitation starts. Also, it can be seen that the
austenite lattice parameter calculated using ND and HEXRD at room

temperature is consistent with the XRD results.

During annealing, supersaturated alloying elements diffuse out from
the retained austenite structure and form M-C; carbides. After the M-Cs
carbides precipitate out inside the austenite phase, then, the austenite phase
can be destabilized. This depletes the carbon and chromium from the matrix
phase and as a result, lattice parameter of the austenite is then decreased
(Figure 6.17). This results in increasing the Mg temperature of the austenite
phase. Therefore, when the sample is cooling to the room temperature, there
is more possibility for the formation of the martensite phase [135]. In the
current study, the cooling rate after two hours of isochronal annealing is
about 0.33°C/min which does not seem fast enough to form martensite from
the depleted austenite matrix. Li et al. [135] has reported that after
annealing the laser melted high chromium cast steel, austenite transforms to
martensite when the samples are being air cooled. It seems that laser melted
samples, cooling rate of depleted austenitic phase is high enough for
formation of martensite instead of ferrite. This can be due to the heat sink

effect of the sample bulk as well as air cooling effect [134,138].
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Considering the same analysis for different particle sizes IA
atomized in different cooling gases, one can plot the percent of
transformation at 550°C (annealing for two hours) as a function of the
cooling rate of droplets (Figure 6.18). This figure also shows the austenite-
to-ferrite transformation data for WA particles annealed at 550°C for two

hours.
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Figure 6.18. Percent of transformation of austenite to ferrite at annealed for
two hours at 550°C as a function of cooling rate of droplets.
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It can be concluded from Figure 6.18 that droplets with higher
cooling rates have lower percent of transformation during annealing at

550°C.

In the austenite with FCC lattice, the dissolved carbon atoms only
occupy octahedral interstitial position. This results in lowest amount of
internal stresses and distortion. According to Figure 4.1, the maximum
solubility of carbon in austenite in D2 tool steel is about 0.91wt.%=4.3at.%.
This indicates that among all theoretically possible positions, carbon atoms
only fill about 4.5 percent of them. As an example, the amount of
supersaturated carbon in 90-100um WA D2 tool steel particle is calculated
to be about 1.12 wt.% which increases the filled positions of austenite with
carbon to about 5.6 percent. During supersaturation of austenite, where
carbon filling is much denser, internal stresses in the austenite lattice is so
high that the resultant elastic energy result in formation of carbides. The
carbide formation depends on different parameters such as the amount of
undercooling (an opportunity for austenite to lower its free energy) and the
mobility of the carbon atoms. But, the mobility of the atoms decreases with
increasing the amount of undercooling [40]. That can explain why
precipitation does not occur at lower temperatures, but starts at around

550°C.

Therefore, according to the discussion provided before, the driving
force of the precipitation is increased by increasing the amount of

supersaturation. However, as can be seen in Figure 6.18, particles with
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higher cooling rates during solidification, have higher tempering stability
compared to the particles with slower cooling rates. For example, 300-
355um particles atomized in helium have a smaller percent of
transformation during annealing compared to 600-710um particles atomized
in nitrogen. Also, there is a lag in precipitation in WA particles, which is
due to their higher solidification rate and supersaturation in austenite during
cooling of the droplets. Rayment et al. [139] and Peng et al. [140] showed a
delay in carbide precipitation by the stabilizing effect of alloying elements
in supersaturated austenite. Kishitake et al. [128] also reported that the
temperature of transformation of retained austenite in rapidly solidified tool
steels increases with increasing chromium and molybdenum content. They
show that the retained austenite phase decomposition can be delayed by the
adding the carbide former elements, but is barely affected by the amount of
carbon in the retained austenite. Detailed mechanism for this temperature
delay is still unknown. According to different literatures, the supersaturated
alloying elements inside the austenite prevent the transformation of the
austenite and hinder the carbide precipitation. Therefore, the high amount of
supersaturation results in more lag in precipitation [139,144]. Also,
supersaturated alloying elements change the size of the interstitial positions
in the structure. This also results in an increase in the diffusive activation

energy of atoms [139,140].

According to Li et al. [135], the high solidification rate increases the

carbon and alloying elements concentration in solid solution, which is
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higher in the droplets with the higher cooling rate. This elevates the range
of austenite-to-ferrite transformation to the higher temperatures. Other
works [141,142] also describe the effect of some alloying elements such as
manganese, silicon, chromium and vanadium in the structural steels on the
phase transformation kinetics during tempering. It has been reported in
these works that low concentration of the alloying elements does not affect
the precipitation of carbides and the transformation of retained austenite.
However, temperature range of precipitation of carbides and austenite-to-
ferrite transformation shifts toward higher temperatures when there are

higher concentrations of these elements in the composition.

A spherical atom with diameter of 0.52A can be fit inside an
octahedral interstitial position in gamma-iron. Therefore, carbon atom with
the atomic radius of 0.77A, or a nitrogen atom with the atomic radius of
0.71A sitting in the octahedral void will expand the lattice [143]. Lattice
parameter of austenite for particles WA and IA in helium and nitrogen, as
well as the iron FCC lattice parameter, based on the Rietveld analysis of
XRD and ND results are shown in Figure 6.19.a and Figure 6.19.b,
respectively. Both XRD and ND represent almost same values for lattice

parameter of supersaturated austenite in different IA and WA particles.
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Figure 6.19. Austenite lattice parameter of different-sized droplets WA and
IA in helium and nitrogen, using Rietveld analysis of (a) XRD and (b) ND.
Fe-0.8wt.% C and Fe-gamma lattice parameters are also shown.
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Rapid solidification of the particles does not let carbon and other
alloying elements diffuse out of austenite lattice; they remain as
supersaturated elements inside the austenite lattice and the lattice is
expanded. Therefore, in the rapidly solidified droplets, austenite lattice
parameter is much larger compared to that in the Fe-gamma or steel with
0.8wt.% carbon. It should be noted that the supersaturated carbon,
chromium and other alloying elements has been considered in the calculated

austenite lattice parameter.

6.3.6. Microstructure of annealed particles

6.3.6.1. SEM

According to the XRD analysis (section 6.3.5), precipitates form in the
annealing temperature of 550°C. Figure 6.20 shows a SEM micrograph of
an un-etched 650um particle atomized in nitrogen and annealed for 2 hours

at different annealing temperatures (550°C, 650°C, 750°C and 810°C).
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(d)

Figure 6.20. BSE-SEM image of 650um D2 steel atomized in nitrogen,
annealed for 2 hours at (a) 550°C, (b) 650°C, (c) 750°C and (d) 810°C.
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The microstructure of the particle annealed at 750°C and 810°C
(Figure 6.20.c,d) shows some rod-shaped precipitates inside the primary
phase. Closer examination of the particle annealed at 650°C shows some
barely visible features within the primary phase. No precipitate can be seen
in the un-etched particles annealed at 550°C (Figure 6.20.a). The XRD
results (Figure 6.10) also show precipitation at 550°C. That is probably why
the precipitates are so fine at this annealing temperature, and why higher
magnification analysis is needed to characterize the microstructure of the

550°C and 650°C particles.

Figure 6.21 shows a SEM image of the 600-710um samples
atomized in nitrogen and then annealed at 550°C for 2 hours. Primary grains
can be seen with the surrounding eutectic, which have been formed during
the solidification of the droplet. According to the XRD data for the particle
annealed at 500°C (Figure 6.12), austenite and ferrite should be present at
this annealing temperature. Region (I) is the retained austenite phase while
the area with the white phase inside (Region (II)) contains the transformed
ferrite + chromium carbides. The eutectic carbides do not transform
because, according to the XRD data, these carbides are M;Cs and hence

equivalent to that which forms during annealing.
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Figure 6.21. SE-SEM image of 600-710um particle atomized in nitrogen
and then annealed at 550C for 2 hours. Region (I) is austenite and Region
(IT) is ferrite + carbides

Figure 6.22 shows 600-710um samples atomized in nitrogen and
annealed at 650°C. It shows that almost all previously austenite grains
(region (I) in Figure 6.21) are now transformed to ferrite and carbides

(Figure 6.22.a). The higher magnification micrograph (Figure 6.22.b)
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indicates that almost all of the retained austenite (Region (I) in
Figure 6.22.a) has transformed to ferrite and carbide when an annealing
temperature of 650°C is applied, and that the precipitates are very fine and

rod-shaped with a diameter of about 50nm.

(b)

Figure 6.22. SE-SEM image of a 600-710um particle atomized in nitrogen
and then annealed at 650°C for 2 hours. (b) is the higher magnification view
of image (a).
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Figure 6.23 and Figure 6.24 show SEM images of a 600-710um
particle atomized in nitrogen and then annealed at 750°C and 810°C for 2
hours. Precipitated carbides in the matrix as well as previously eutectic

carbides (eutectic carbides) are visible in the image.

Figure 6.23. (a) SE-SEM image of 600-710um particle atomized in nitrogen
and then annealed at 750°C for 2 hours and (b) higher magnification.
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Figure 6.24. SE-SEM image of 600-710um particle atomized in nitrogen
and then annealed at 810°C for 2 hours and (b) higher magnification.

It can be seen that by increasing the annealing temperature,
precipitates are increasing in size, and the distance between them is also

increasing.
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Figure 6.25 also shows SEM images of 600-710um particle

atomized in helium and then annealed at 810°C for 2 hours.

Figure 6.25. SE-SEM image of 600-710um particle atomized in helium and
then annealed at 810°C for 2 hours.

As can be seen in Figure 6.25, the same shape precipitates are also
formed in the particle atomized in helium. There is only a small different in

the size of precipitates which will be discussed in the next section.

By looking to Figure 6.23 to Figure 6.25, one can see that the
globular precipitates are formed at the higher annealing temperature (except
at 650°C, the temperature at which the precipitates are in rod shapes). In
order to be able to see the shape of the precipitates, the SEM stage was
tilted at 40° angle and some pictures were taken. Figure 6.26 shows a high
magnification of precipitates in a 655um particle atomized in helium and

annealed at 810°C for two hours.
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500 nm

Figure 6.26. SE-SEM image of 600-710um particle atomized in helium and
then annealed at 810°C for 2 hours (samples tilted at 40° angle).

Figure 6.26 shows that the precipitates are still in the rod shape at
the 810°C annealing temperature. In Figure 6.24, cross sections of
precipitates are visible, which is why the precipitates look spherical.
Therefore, precipitates, even after coarsening at the high temperature, are

still in the rod shapes.
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6.3.6.2. TEM

More detailed microstructural analysis was done using TEM of FIB
specimens extracted from specific regions in the different microstructures.
Figure 6.27 shows a TEM brigh field (BF) micrograph from the
interdendritic region and also the primary phase of a particle annealed at
350°C (Figure 6.27.a) and a selected area diffraction (SAD) pattern from
the matrix or primary phase (Figure 6.27.b). The difraction pattern can be
indected to austenite with an orientation close to the [112] zone axis. The
austenitic primarily consists of iron with about 10wt.% chromium and
smaller amounts of vanadium (<1 wt.%). No precipitation has occurred in
the primary austenite phase at this annealing temperature. The interdendritic
region represents the eutectic component, which consists of two phases,

austenite and carbide.

Figure 6.28 shows the interdendritic (eutectic) region at a higher
magnification at a different tilt angle. The second phase is iron and
chromium rich (~33 wt.% chromium) with smaller but significant amounts
of vanadium and molybdenum (4-5 wt.% of both). The SAD pattern in
Figure 6.28.b is from both the austenite and the second phase, so there are
two overlapping patterns. The spots corresponding to austenite are circled in
red (the orientation is close to a [013] zone axis). The other spots are from
the second phase, which can be indexed to M;C; (close to a [117] zone

axis), where M is iron and chromium, as well as vanadium and
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molybdenum. These two phases, austenite and M;Cs, are consistent with

previous work [144].

Austenite

(b)

Figure 6.27. TEM BF image of the interdendritic region of a 655um particle
of D2 tool steel, atomized in helium and annealed for 2 hour at 350°C. (b)
SAD pattern from the austenite primary phase.

ZA=[117]

(b)

Figure 6.28. (a) Higher magnification TEM BF image from the eutectic area
of the sample annealed at 350°C (Figure 6.27), (b) SAD pattern from the
interdendritic (eutectic) region.
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Figure 6.29 shows a TEM BF micrograph of a 600-710um particle
annealed at 650°C. Figure 6.22 shows a SEM image from the same sample.
The original primary austenite phase, which has transformed to ferrite and
carbide precipitates (after annealing), and the eutectic region are indicated
by arrows in Figure 6.29. A higher magnification image of the transformed
phase is shown in Figure 6.29.b. After annealing at 650°C, rod-like carbides
have precipitated within the primary phase; these were not visible in the
SEM image (Figure 6.20.b). In fact, the primary phase is no longer
austenite, but ferrite plus the precipitates. The precipitates are 200-300nm
long and less than 50nm in width. SAD patterns from a ferrite grain and the
carbides precipitated within the ferrite grain are shown in Figure 6.29.c and
Figure 6.29.d, respectively. Figure 6.29.d shows a partial ring pattern for

M;C; carbides as well as spots from the ferrite matrix.

The precipitated carbides are iron and chromium rich (with about 24
wt.% chromium) with smaller amounts of vanadium and molybdenum
(about 0.4 wt.% for both) in the substitutional solid solution. The ring
pattern of these carbides can be indexed to M;C;. Patterns were also
obtained from other regions and at other orientations which confirmed the
identity of the carbides. SAD patterns show that the carbides in the as-
atomized particles (interdendritic area) and particles annealed at 650°C
(precipitated during annealing) are both M;Cs. But, EDX results show that
interdendritic carbides in the as-atomized sample have higher amounts of

chromium (~33 wt.% chromium) compared to the carbides precipitated
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within the transformed austenite grains (~24 wt.% chromium). This is
basically because interdendritic carbides are formed from the rejected
carbon and chromium in the interdendritic region. This provides a higher
amount of chromium in the interdendritic eutectic carbides. EDX results
also show that the amount of vanadium dissolved in the matrix decreases
from ~0.6 wt.% in the as-atomized sample to ~0.2 wt.% in the annealed
sample. The excess vanadium is present in the precipitated carbides. Also,
elemental analysis using TEM shows that chromium content in retained
austenite in as-atomized particles is about 9.21wt.% and in the ferrite region
in the annealed particle in 650°C, it is about 3.4wt.%. This shows that when
the carbides are precipitating during annealing, chromium diffuses from the
austenite grain to new carbide precipitate, which reduces amount of
chromium in the matrix of annealed particles compared to the as-atomized

ones.

From Figure 6.28 and Figure 6.29, one can see that there is an
orientation relationship between the precipitated carbides and the matrix
phase. Analysis and understanding of this orientation relationship is a topic

of ongoing research.

6.3.6.3. Quantification of microstructure
Using Thermocalc software, it is possible to calculate the equilibrium
percent of carbide that should be formed at each temperature, considering

the phase diagram of D2 steel. The equilibrium amount of carbides at
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annealing temperatures of 650°C, 750°C and 810°C has been calculated.

The results are shown in Table 6.2.

Ferrite

ZA= [001]

(c) (d)
Figure 6.29. (a) and (b) TEM-BF images of a 655um D2 tool steel sample,
annealed at 923 K. SAD patterns from (c) a ferrite grain; (d) ferrite and
carbide. Region I shows area with carbides used for the SAD pattern in (d).

Using the grid counting method, the volume fraction of total
carbides at each annealing temperature (considering previously formed

eutectic carbides during solidification and precipitated carbides inside the

195|Page



transformed grains) has also been measured. Table 6.2 shows the weight

fraction of carbides measured using the grid counting method for the

droplets atomized in nitrogen.

Table 6.2. Weight percent of carbides at different annealing temperature for
droplets atomized in nitrogen as well as equilibrium amount of carbides at

those temperatures.

Solidification 300-355um-

600-710 pm-

Condition nitrogen nitrogen Equilibrium
Annealing 5, 810 750 810 650 750 810
temp (°C)
Formed (X+M7C3 (X+M7C3 (1+M7C3 (X+M7C3 (1+M7C3+ (1+M7C3 (1+M7C3
phases M23Cs
wt.% of 20.0+ 18.9+ 19.4+ 18.6+
carbides 1.0 1.5 1.5 1.7 185 17.8 17.7
Vol. fraction  0.22+ 0.21+ 0.21+ 0.20+
of carbides 0.01 0.01 0.01 0.01 0.2 0.19 0.19

Table 6.2shows that fraction of carbides after annealing process is

almost similar to the equilibrium fraction of carbides

As previously mentioned, precipitated carbides are rod-shaped.
Since it is so difficult to measure the length of these rod precipitates, the
diameter of precipitates was chosen in order to have a scale measuring size
of precipitates. Figure 6.30 shows the diameter of rod precipitates that was

measured for droplet with different cooling at different annealing

temperatures.
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Figure 6.30. Precipitates diameter as a function of dropelts cooling rates for
different annealing temperatures.

From Figure 6.30, one can see that increasing the annealing
temperatures, increases the diameter of the precipitate. The diameter of the
precipitated carbide rods at the annealing temperature of 650°C in all
samples is about 50nm. By increasing the annealing temperature, particles
with higher cooling rates show a larger increase in the precipitate diameter
compared to the particles with slower cooling rates (except WA samples).
For example, 300-355um droplets atomized in helium (which has the
highest cooling rate among all IA samples) show the larger precipitate
diameter compared to 600-710um droplets atomized in nitrogen (which has
the lowest cooling rate among all TA samples). Figure 6.18 showed that
particles with the higher cooling rate also have less of an austenite-to-ferrite

transformation at 550°C annealing temperature. As mentioned before, this is
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due to the higher amount of supersaturation in the samples with the higher
solidification rate, which results in changing the transformation temperature
toward the higher temperature. But, because the ferrite-to-austenite
transformation starts later in more rapidly cooled droplets (compared to less
rapidly cooled droplets), one should expect finer precipitate in faster

solidified particles.

In the initial stages after nucleation, the precipitates grow, a process
that is faster in the particles with the higher solidification rates. This can be
related to the effect of supersaturation of alloying elements on the driving
force of the precipitates’ growth during annealing. Droplets with higher
cooling rates have large amounts of supersaturation of austenite with
alloying elements. This greater amount of supersaturation translated to a
greater amount of driving force during the growth of carbides. So, carbides
in droplets with high cooling rates (larger supersaturation) grow faster in
size. Therefore, at a specific annealing temperature, carbides of higher
cooling rate droplets are bigger compared to the droplets with lower cooling
rates. In the 650°C annealing temperature, precipitation is started later in the
particles with the high cooling rate. But, because faster cooled particles
have higher driving force for precipitates’ growth, precipitates are almost in
the same size as the slower cooled particles. It has been reported [145] that
diffusion of chromium in ferrite is more faster than most metallic alloying
elements. This results in formation of Cr;Cs; during tempering. Also,

coarsening rate of chromium carbide is higher compared to other carbides
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(like vanadium carbide). Therefore, more chromium supersaturated in the
austenite will cause the precipitates to coarsen more quickly in droplets with

higher cooling rates.

In the growth stage of precipitates, according to Eq. 6.9, a higher
amount of supersaturated elements in the matrix c(t) results in higher
growth rate of precipitates. So, in more rapidly solidified droplets where
there are higher amount of supersaturation, precipitates grow faster. As a

result, larger precipitates form at a certain annealing time and temperature.

dR D c(t)—c
— =—In —E) Eq. 6.9
dt R cg—Cg

where cg is the equilibrium concentration, cg is the concentration at the
interface of the precipitate, ¢, is the supersaturated composition, D is the

diffusion coefficient, R is the precipitate radius and dR/dt is the growth rate

[146].

Formation of some fine M,3Cg¢ carbides during tempering of retained
supersaturated austenite has been reported [129,134,135,145]. The
formation of these carbides significantly depends on the composition of tool
steel. For example, slightly less carbon and chromium content result in a
peritectoid reaction of y+M7C3—M33C¢ in the Fe-C-Cr phase diagram and
formation of some M,3Cs carbides during the tempering of laser surface
melted steel [134,135]. Also, there have been reported that M»;C¢ forms in
low carbon-high chromium content steel after tempering [129]. Generally,

adding of tungsten encourages this carbide to form by allowing it to
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nucleate faster, while vanadium tends to stabilize Cr;C; by decreasing the
rate of release into the solution of chromium and carbon needed for the
growth of Cry3Cs [145]. Using Thermocalc, it can be seen that at 550°C and
650°C, a slight amount of M3Cs is available (about 3wt% at 550°C and
about 2wt% at 650°C). Although according to equilibrium, there should be
some M»3C¢ carbide, most likely the small weight fraction of this carbide
means that it is not possible to detect M»3;Cs in XRD and TEM analyses.
Also, since there is no tungsten and a considerable amount of vanadium
(about 0.8wt.%) in the chemical composition of D2 tool steel, there is less

of a probability that this carbide will form.

6.3.6.4. Hardness of annealed particles
Hardness measurements have been done on the as-atomized and annealed
samples in order to see the effect of rapid solidification and subsequent

annealing on the mechanical properties of the particles.

Because the samples are in the form of powder particles mounted
inside the epoxy resin, the first step in the hardness measuring process was
to figure out a suitable hardness load, because a high amount of load could
deform the epoxy and show incorrect hardness values. Therefore, on one of
the samples (300-355um atomized in helium), hardness measurements were
done using different amount of loads. Figure 3.8 shows the effect of the
amount of load on the hardness of 300-355um as-atomized in helium. To be

consistent in all other hardness measurements and in order to have stable
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results and more visible indents (to ease the measurements), a load of 100gf

was chosen during the hardness measurement.

The effect of isochronal (2 hour) heat treatment on the
microhardness of IA D2 steel is shown in Figure 6.31. The particles with
the highest and lowest cooling rates, 300-355um atomized in helium and
600-710pm atomized in nitrogen, respectively, and 300-355um water
atomized particles were chosen. As-atomized 300-355pum atomized in
helium shows a slightly higher hardness, which can be attributed to its fine
microstructure compared to the larger particles atomized in nitrogen. The
hardness plots show an initial decrease in hardness, likely due to the relief
of internal stresses introduced by rapid solidification [39]. At the 550°C
annealing temperature, where the precipitation of carbides and the
transformation of austenite to ferrite begin, hardness also increases. At
750°C and 810°C annealing temperatures, because of the coarsening of

precipitates and also grain growth, hardness decreases considerably.

Since at 550°C, a larger percentage transformation has happened in
600-710um-nitrogen particles, a larger fraction of precipitates is available at
this temperature compared to that in 300-355um-helium particles.
Therefore, annealing at 550°C results in greater hardness in 600-710um-
nitrogen particles (about 650HV) compared 300-355um-helium (about
512HV). At higher temperatures, due to coarser precipitate and less volume

fraction of carbides, both samples experience a drop in hardness.
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Figure 6.31. Vickers hardness of as-atomized droplets in different size
ranges atomized in different atmospheres, as well as annealed samples at
different temperatures.

Figure 6.31 shows that annealing of 300-355um water atomized
particles at 350°C and 450°C, does not change the hardness of the particles.
It is mainly because there is no precipitation in the particles during
annealing at these temperatures. Further annealing at 550°C and 650°C
results in an increase in the hardness which is followed by a drop in
hardness by annealing at 750°C. According to Figure 6.18, only about 12
percent of phase transformation (y—a-+carbides) happens at 550°C for 300-
355um water atomized particles. This amount of transformation results in a
little increase in the hardness of particles at 550°C annealing temperature.

Since more transformation happens at higher temperature, higher hardness
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values would be expected at higher temperatures annealing where more
transformation is taking place. The maximum hardness value for 300-
355um water atomized particles would be between 550°C and 650°C
annealing temperatures where larger fraction of transformation has

happened and also precipitates are not coarse to reduce the hardness.

Figure 6.31 also shows the variation in hardness as a function of the
tempering temperature of the steel after laser surface melting (LSM) [129]
and after conventional quenching from an austenitization temperature of
1025°C [7]. After LSM, the maximum hardness value is about 620HV
appearing at 600°C. But, after conventional hardening, the secondary

hardening peak temperature is about 570HV at 500°C.

In IA and LSM steels, the retained austenite is different from that
after conventional hardening. Decomposition of the retained austenite
formed after conventional hardening because happens during tempering at
200-350°C temperature range [129]. But, in IA and LSM steels,
transformation of retained austenite starts after tempering at 550°C and
600°C, respectively. According to Colaco et al. [129], after M;C;
precipitates within the austenite phase, the destabilization of austenite

happens.

Different studies have been done on composites with in-situ phases
(for example Al-Si [147]) or external reinforcement phases (for example
alumina particles in magnesium matrix [148]). It has been shown by Singh

et al. [149] that interparticle spacing of second phase has an important effect
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in strengthening of materials, which by reducing the interparticle spacing, a
material became stronger. Khan et al. [147] have done an investigation on
the effect of shape and distribution of silicon precipitate in aluminum-
silicon alloy. They propose the following model to relate precipitate spacing

and hardness of the material:
H = Hy + Apry © Eg. 6.10

where Hy is the initial hardness value, A, is the known area at which
measurements have been done in pm?, Ip 1s spacing between precipitates in
pum and d is a constant dependent on the shape of the precipitates. This
equation shows that larger spacing between precipitates results in lower

Vickers hardness values.

Considering the diameter of precipitates and knowing total volume
fraction of carbides as well as eutectic carbides, the spacing between the
precipitates at different atomization and annealing conditions can be
estimated. The initial hardness value of ferrite, Ho, is assumed to be 62HV
[150]. Therefore, one can plot log (H-Hp) versus log (r,) (Figure 6.32),

where H is the hardness of the material.

Figure 6.32 shows that precipitate spacing is larger in the particles
annealed at higher temperatures. This figure also shows that hardness of the
D2 steel decreases when the spacing between precipitates increase. This
behaviour also has been seen in composite systems. Since precipitated
carbides are hard phases compared to soft ferrite matrix phase, they can be

considered as reinforcement phases in the composites. Based on the
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hardness trendline shown in Figure 6.32 and Eq. 6.10, the value of d for rod
shape precipitates (see Figure 6.26) identified to be 0.38. d values for the
angular, flaky and fibrous silicon in a Al-Si alloy have been calculated as
0.50, 0.22 and 0.10, respectively [147]. These show that the d value for the

rod shape precipitates stands between the angular and flaky type of

precipitates.
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Figure 6.32. Hardness as a function of precipitate spacing of particles
annealed at different temperatures.

6.4. Summary

Heat treatment of rapidly solidified D2 tool steel particles was
investigated in this chapter. Effect of undercooling, cooling rate and
annealing temperature on formation of precipitates and final mechanical

properties were also studied. It was possible to correlate the amount of
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supersaturation to the amount of primary and eutectic undercooling during
solidification of IA droplets. It was found that by increasing the amount of
undercooling (primary phase and eutectic), the amount of supersaturation of
alloying elements inside the primary phase (retained austenite) increases as
well. Amount of supersaturation of alloying elements inside the primary
phase then can be attributed to the precipitation behaviour of particles
during the annealing cycles. During annealing of the powder particles, the
amount of austenite to ferrite transformation is smaller in the powders with
higher undercooling and cooling rate. Since powder particles with higher
undercooling and cooling rate have higher amount of supersaturation,
precipitates then grow fast which results in coarser carbide precipitates at
the end of tempering process. Hardness evaluation of the annealed powders
showed that highest amount of hardness occurs at a temperature in which

fine precipitate of carbide formed with larger fraction.

Using the information provided in this chapter and Chapter 4, effect of rapid
solidification on the microstructure and mechanical properties of spray

deposited D2 tool steel will be investigated in next chapter.
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Chapter 7

7. Spray deposition of D2 tool steel

7.1. Introduction

Samples produced using the spray deposition technique have benefits of
both rapid solidification and near-net shape capabilities. Deposited droplets
on the substrate can be in the form of fully liquid, fully solidified or semi-
solid. As discussed in section 2.3.4, a very fine microstructure, low levels of
segregation, fine precipitates and extended solid solubility of the alloy can
be achieved using spray deposition. Also, in contrast to ingot casting which
provides low amount of undercooling, it will be shown in this chapter that
during spray deposition, eutectic undercooling values similar to individual
droplets can be achieved. This will be done by a quantitative comparison of
eutectic fraction and eutectic undercooling between solidified D2 powders
and spray formed samples, in order to investigate solidification mechanism
of the sprayed droplets in the spray deposited samples. Also, in this chapter,
effect of different parameters such as substrate distance from the nozzle
plate and the oxygen level inside the cooling media on the microstructure

and formed phases during solidification has been investigated.

7.2. Results and discussion
As previously mentioned, four spray deposit samples have been made by
IA. The deposit produced at 38cm distance from the nozzle plate in the

helium atmosphere has lots of porosities, and due to these porosities, the
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deposit was not stable and collapsed during handling of the sample. In fact,
the deposit was made of previously solidified particles of D2 steel making a

structure on the substrate. No further analyses could be done on this deposit.

Figure 7.1 shows temperature of melt as a function of time of
atomization. Load cell data also collected weight of deposits at different
times. The temperature of the melt was held close to 1600°C during the
atomization with about 25°C tolerance. This figure shows that the flow rate
of the spray and temperature of the melt are stable during different spray

deposition experiments.
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Figure 7.1. Temperature of the melt and weight of deposit as a function of
time of atomization, for deposit at (a) 20cm below the nozzle plate at
10ppm oxygen level, (b) 20cm below the nozzle plate at 1000ppm oxygen
level and (c) 28cm below the nozzle plate at 10ppm oxygen level.
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Figure 7.1 shows that atomization of samples 201000 and 2810
starts after 140s and 280s of plunger movement, respectively. There is a
constant atomization rate up to the point that the atomization is stopped and
spray deposited samples are prepared. In sample 2010, atomization starts
exactly after the start of the plunger with a constant atomization rate, and
then stops at about 100s. Atomization starts again after 80s with almost the
same atomization rate and atomization stops again a little bit after that. The
second atomization in sample 2010 resulted in formation of an excess part

on top of the sample that is marked by an arrow in Figure 3.2.b.

7.2.1. Modeling of solid fraction and temperature of droplets

Using the heat loss model, it is possible to model the temperature history of
droplets during free fall in IA. There is a range of particle size produced
during each atomization runs. Using a 300um orifice hole, Dsy of the
produced droplets are about 360pum. Therefore, a droplet size of 360um was
chosen to use in the model, as a representative of the particle size with a
superheat of 205°C. Figure 7.2 shows the temperature of the droplet and
distance of the droplet from the nozzle plate as a function of the solidified
fraction, for 360um droplet atomized in nitrogen and calculated by the

model.
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Figure 7.2. Temperature of the droplet and distance of droplet from nozzle
plate as a function of fraction solidified in the droplets, for 360um droplet
atomized in nitrogen, with the superheat of 205°C without undercooling
calculated by the model.

For 360um droplet atomized in nitrogen at 20cm distance from the
nozzle plate, the temperature is about 1344°C and the solid fraction is about
0.46. Also, at 28cm distance from the nozzle plate, the temperature is about
1327°C and the solid fraction is about 0.55. It shows that at a shorter
distance from the nozzle plate (20cm), there is more liquid in the droplets
when they hit the substrate compared to the droplets that hit the substrate
28cm from nozzle plate. Therefore, there is a possibility that more porosity
is available in the 28cm distanced sample. Porosity level of the deposits will
be investigated more in section 7.2.3. Also, when deposition is conducted at

shorter distances from the nozzle plate, the temperature of the droplets is
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higher and therefore a lower cooling rate would be expected in the deposits
compared to the deposits that are produced at longer distances. This effect

will be discussed in the following sections.

There are different parameters that can affect the solid fraction of
droplets during free fall at a specific distance. Two important parameters
are the amount of superheat and particle size. Superheat has been chosen
because during the atomization run, melt temperature has a fluctuation of
about 25°C from 1600°C. Figure 7.3 shows the effect of droplet size and
superheat on the distance from the nozzle plate at which 0.4 fraction solid

forms.

Three different superheats of 50°C, 100°C and 200°C and three
different particle sizes of 180, 360 and 595um were chosen in order to see

the effect of these parameters on the distance at which fraction solidified is

0.4.

From Figure 7.3, one can see that superheat does not have
significant effect on the distance at which 0.4 fraction solid is achieved.
Increasing the superheat from 50°C to 200°C changes the distance of 0.4
fraction solid only about 0.2cm. As described in [120,151], the cooling rate
of falling droplets depends on the temperature of the droplet and
surrounding gas. When the temperature of the droplet increases, there
would be a larger difference between the droplet and surrounding gas and
therefore a larger cooling rate would be achieved. On the other hand, with a

lower amount of superheat, falling droplets also have a lower temperature
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and, therefore, it is easier for them to reach a specific temperature.
Balancing these two reasons would result in having an almost same solid
fraction at a specific distance from the nozzle plate. Therefore, it seems
superheat is not a significant parameter in considerable change of solid

fraction of droplets.
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Figure 7.3. Effect of droplet size and superheat on the distance at which
40% solid forms in a nitrogen atmosphere.

Another important parameter would be the size of the droplets
during free fall. From Figure 7.3, it can be seen that a slight change in
droplet size considerably changes the distance at which 0.4 fraction solid is
achieved. According to Zheng et al. [151] and Zeoli et al. [120], the cooling
rate largely depends on the size of droplets. In the heat loss equation
described in their works, the cooling rate of droplets is proportional to 1/d*

(where d is the particle size of falling droplet) and any small increase in the
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particle size of droplets considerably decreases the cooling rate. During IA,
there is a range of particle sizes (D;o=180um, Ds¢=360pm and Dgy=595um).
When the droplets reach to the substrate, they have a different liquid portion
inside which causes different solidification behaviour for each droplet. Very
fine droplets can be completely solidified at the time they reach the
substrate, while some large droplets can have a significant fraction of liquid

when they hit the substrate.

7.2.2. Formation of different phases in deposits

Figure 7.4 shows XRD results of the BP and MP of TA deposits. XRD peaks
of ferrite, austenite and M,Cs carbides are also shown in the graph. In all
samples, austenite and ferrite phases have been formed during spray

deposition.

At the eutectic temperature, the liquid remaining between dendrite
arms would form eutectic of austenite and M,Cj carbide, as shown by XRD
shown in Figure 7.4. Because of the rapid cooling effect in the spray
deposits adjacent to the substrate, austenite would retain in the final
microstructure. Deposition of hot droplets on the previous deposited layers
can cause in-situ annealing effect on the previous layers and transformation
of austenite to ferrite and M;Cs. It can be seen in Figure 7.4 that the
intensity of the main peak of ferrite in the samples from the lower section of
the deposit is a bit higher than that in the middle samples. The probable
reason may be formation of ferrite and carbide from austenite in the bottom

part as a result of the heat coming from the new hot deposited layers on top
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of the bottom part. This heat may be sufficient as to cause transformation of

some austenite to ferrite.
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Figure 7.4. XRD graphs of bottom and middle part of impulse atomized
deposits. XRD peaks of ferrite, austenite and M7C3 carbides are also shown
in the graph.

Other parameters such as distance of substrate from nozzle plate and
oxygen level in the atomization chamber also affect microstructure
evolution. The following sections will discuss effect of these variables on

the microstructural and mechanical properties of the spray deposits.

7.2.3. Microstructure of spray deposits

7.2.3.1. Qualitative analysis

Figure 7.5 shows OM images from 2010 and 2810 samples at 15mm
distance from the bottom of the sample. This figure shows that in the

sample spray deposited at 28cm, the microstructure is finer than that in the
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sample spray deposited at 20cm which might be due to a higher cooling rate

and colder media in the 2810 sample.

The temperature of the droplets is a function of their distance from
originating place (orifice plate). As their distance from the nozzle plate
increases, their temperature decreases. Therefore, droplets that hit the
substrate at 20cm should have a higher temperature and more liquid than
the droplets that reach the substrate at 28cm. So, cooler droplets hit the
substrate or deposit at longer distances should result in less enthalpy to be
removed from the deposit and should have more solid formed in the
droplets prior to deposition. As a result, a higher cooling rate is experienced
for deposits that form at 28cm than at 20 cm. This yields a finer
microstructure in deposits spray at 28cm of the nozzle plate compared to the

microstructure of deposits formed at 20cm distance (Figure 7.5).

Figure 7.6 shows SEM micrographs of IA spray deposited samples
at 20cm from the nozzle plate and a 655um particle [A in nitrogen.
Figure 7.6 shows that the microstructure of D2 tool steel spray deposits is
coarser but has similar features to the IA D2 tool steel powder particles. It
contains the primary phase dendrite, and between the dendrites, a eutectic
structure has been formed. According to XRD results, the primary phase
should be non-equilibrium retained austenite. Higher magnification of the
eutectic structure is also shown in Figure 7.6.b which consists of layers of

M,C; carbides and austenite.
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Figure 7.5. OM images of IA spray deposits at (a) 20cm and (b) 28cm
distances from nozzle plate.
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(b)

Figure 7.6. BSE-SEM micrograph of IA spray deposits, (a) 2810 and (b)
2010 samples.

Another factor which is effective in the size of microstructure is the
height of the deposit. In fact, the distance from the cooling media (heat
sinks) is a factor in the cooling rate and size of the microstructure in the
deposits. As an example, Figure 7.7 shows the OM microstructure of
201000 sample at different parts of the sample, from the bottom to the top.

The arrow shows the direction from bottom to top part of the sample.
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As can be seen in Figure 7.7, the microstructure of the samples is
fine in the regions that are close to the substrate. By going toward top part
of the sample, microstructure gets coarser. Again, the area close to the top

part of deposit has finer microstructure.

When the falling droplets first hit the substrate, substrate is cold
(about 40°C) and fine microstructure forms. After deposition of some
layers, since droplets are hot when they hit the substrate (according to the
model, droplets with 360pm diameter have temperature about 1340°C),
temperature of the substrate goes up and this causes a lower cooling rate for
the rest of the droplets. Finally, droplets falling on top part of the deposit
are in contact with the cooling atmosphere and this causes a higher cooling
rate compare to the lower parts of deposits and therefore the microstructure
gets finer. Since the microstructure is much finer at the bottom part
compared the top part, it can be concluded that the cool substrate is more

effective on the cooling rate compared to that from cooling media.

7.2.3.2. Quantitative analysis
- Secondary dendrite arm spacing and cooling rate

Figure 7.8 shows secondary dendrite arm spacing of different 1A
spray deposited samples at different heights of deposits. SDAS of individual
IA droplets in nitrogen with different diameters are also shown in this

figure.
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Figure 7.7. OM o IA spray deposited sample at 28cm from the bottom of
sample.
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Figure 7.8. SDAS at the center line of the deposits for (a) 2010, (b) 201000
and (c) 2810.
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SDAS values of spray deposit samples confirms qualitative observation
that microstructure is finer at the bottom of the sample and coarsen by going
toward top part of the sample. At the regions close to the top part of deposits,

SDAS is slightly decreasing.

Comparing SDAS for different IA droplets (reported in Table 4.2)
with SDAS at different heights of spray deposits, it can be clearly seen that,
based on IA droplet size and height of spray deposits, the cell spacing in
spray deposits is nearly 2-10 times larger than those for powders. This is
further confirmed by the model predictions of the cooling rate of a spray
deposit in IA reported by Ellendt et al. [68]. In this work, a mathematical
model of the cooling at the mid-section of a spray formed Cu-6Sn IA ingot
was developed. It was reported that when the substrate thickness is 1mm,
the maximum cooling rate of the deposit adjacent to the substrate at the
mid-section is 2.5°C/s. This is two orders of magnitude smaller than the

coarsest droplet size (1mm) cooling in a gas in [A [21,78].

The cooling rate of the spray deposits were measured at different
heights from the bottom of the deposit using SDAS values. This was done
using A=B(dT/dt)™, where A is SDAS in um, dT/dt is cooling rate in °C/sec
and B and n are constants equal to 42.1 and 0.33, respectively. Figure 7.9
shows cooling rate as a function of height from the bottom of the IA spray

deposits.
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Figure 7.9. Cooling rate of IA and GA spray deposits as a function of height
of deposits. (a) 2010, (b) 201000 and (c¢) 2810.

Cooling rate is high in the bottom of the deposit and then it
decreases by increasing the height of the deposit and again at an area close
to the tip of deposit, cooling rate increases a little bit. A high cooling rate at
the bottom of the deposit can be related to a high degree of heat extraction
through the cool substrate. At the top of the deposit, the cooling rate is also
a bit higher since the deposit is in touch with the cooling atmosphere, but
still much less than heat conduction at the bottom of the deposit. Ellendt et
al. [68] showed that by increasing the height of the deposit, the
solidification rate of IA spray deposited Cu-Sn alloy also decreases. This is
due to less heat transfer at higher height of the deposit. Slightly higher
solidification rate at the top of their spray deposits was related to the fact

that at the end of atomization, melt flow slightly decreases which leads to a
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decrease in the heat flow and increase in solidification rate. This is much
less than the heat flow that happens due to conduction from substrate

material.

As discussed before, droplets that hit the substrate at 20cm should
have a higher temperature and more liquid than the droplets that reach the
substrate at 28cm. So, cooler droplets hit the substrate or deposit at higher
distances should result in less enthalpy to be removed from the deposit and
should have more solid formed in the droplets prior to deposition. As a
result, a higher cooling rate is experienced for deposits that form at 28cm
than that in 20 cm deposits. This yields a finer microstructure in deposits
spray at 28cm of the nozzle plate compared to the microstructure of
deposits formed at 20cm distance. Figure 7.8 shows average SDAS values
of 32um, 12um and 40um in 2010, 2810 and 201000 deposits, respectively,
at the height of 25-30cm. This also quantitatively confirms finer
microstructure in the deposit formed at higher distance from the nozzle
plate. Also, SDAS values of all spray deposit samples showed that
microstructure is finer at the bottom of the sample and coarsen by going
toward top part of the sample. At the regions close to the top part of
deposits, SDAS is slightly decreasing. By comparison, SDAS in the largest
particle size (1200um atomized in nitrogen) was reported to be less than
8um (Figure 7.8). SDAS gets even smaller for smaller particle sizes.
Comparing SDAS in the spray deposits and individual droplets indicates

that there is much higher cooling rate in the individual droplets compared to
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the spray deposits resulting in a finer microstructure in the individual

droplets.

- Volume fraction of eutectic

Volume fraction of eutectic in different heights of spray deposits were
measured using image analysis of SEM micrographs. Eutectic fractions of
IA droplets as well as eutectic equilibrium value and Scheil prediction of
eutectic fraction are also shown in Figure 7.10. It is evident that in all spray
deposited samples, the eutectic fraction is nearly the same to the TA
powders of 655um and 325um atomized in nitrogen. The eutectic fractions
are significantly lower than either equilibrium or Scheil-Gulliver
predictions.
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Figure 7.10. Eutectic volume fraction of impulse atomized deposits, (a)
2010 sample, (b) 2810 sample and (c) 201000 sample.

Eutectic fraction in the spray deposits is considerably different from
either equilibrium values or Scheil-Gulliver calculation as shown in

Figure 7.10, while eutectic fraction in spray deposits (mostly 2010 and
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2810) is nearly the same as that in particles with 325um and 655um. This
will be discussed further in the discussion section. The 201000 sample also
has a higher fraction of eutectic compared to the 2010 sample. Eutectic
fraction and undercooling measurements have been done on the wide range
of droplets (from 325um to 1200um). Yuan [152] reported that during IA of
Zn-Pb alloy, IA in the air would result in formation of larger powders
compared to IA in a nitrogen environment. The reason given was that by
formation of the oxide layer on the liquid droplets, droplets cannot breakup
further due to Rayleigh instability. As a result, larger droplets are expected
in the 201000 sample. These will also have lower cooling rate in the spray
deposit and larger eutectic fraction compared with the 2010 and 2810

samples.

Assuming equilibrium phase diagram (Figure 4.1), it is possible to
estimate the required undercooling prior to nucleation of the eutectic by
comparing the measured eutectic fraction values to the eutectic fractions
predicted via metastable extensions of the liquidus and solidus lines below
the equilibrium eutectic temperature. Metastable extension of liquidus and
solidus lines were extracted using Thermocalc software version 5.0.4.75
using TCFEG6 v.6 database for steels and Fe-alloys. The results are provided

in Figure 7.11.
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Figure 7.11. Eutectic undercooling of spray deposit as a function of height
of samples.

According to Figure 7.2, fraction of solid in the falling droplets at
20cm and 28cm distance from nozzle plate is about 45% and 55%,
respectively. Also, using experimental data and modeling calculations, it
was found from Chapter 4 that, depending on the particle size, minimum 62
Vol.% of primary phase forms during recalescence. Therefore, at 20cm and
28cm distances from nozzle plate, eutectic transformation has not been
initiated yet and it will start after semi-solid droplets are deposited on the

substrate.

Although there is a difference between the cooling rate in powders
and spray deposits, there is a similarity between the eutectic fraction of

spray deposits and IA droplets. It can be seen in Figure 7.11 that a lower
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amount of eutectic undercooling is achieved in the 201000 sample
compared to the other samples which is due to its higher eutectic fraction. It
can be seen that in Figure 7.11 in 2010 and 2810 samples, almost the same
amount of eutectic undercooling has been achieved as 325um and 655um
droplets atomized in nitrogen. These results suggest that the mechanism of
eutectic undercooling is almost same in both spray deposits and droplets.
Based on this mechanism, during solidification of the spray deposit, liquid
remained in droplets cannot merge to each other as described by Henein as

the Slushy Balloon Model (SBM) [69].

- Slushy Balloon Model

Briefly, this model can be explained as follows: oxygen content in the
atomizing chamber results in formation of a nano-thick oxide layer on the
falling droplets. Primary phase undercooling occurs while droplets are
falling in the tower. Nucleation of the solid phase results in recalescence
and growth of the primary phase. When the droplets hit the substrate, they
still can have a significant amount of liquid (Figure 7.2). This depends on
the size of the droplets, amount of superheat and falling distance. There is
also a possibility that for fine droplets, due to their higher cooling rate,
almost completely solidified droplets reach the substrate. The droplets will
deform when they hit the substrate. But, the oxide layer on the droplets will
not break in most of the droplets. Therefore, there would be some “droplet
regions” in the deposit [69]. Solidification of these regions will be

independent of adjacent regions, (not thermally independent). By further
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cooling of the deposit, when the eutectic undercooling is achieved, eutectic
formation will be started in each “droplet region”. In this mechanism,
falling droplets are similar to the balloons filled with slush and therefore,
Slushy Balloon Model (SBM) is the name for this mechanism. According to
this model, there is no solute impact from the solute segregation of each
region on the adjacent solidifying region. This model was successfully
developed based on droplets and spray deposits of Cu-6Sn [68] and Al-
0.61wt%Fe [37] using the IA method. Also, it has been noted that even for
GA in which movement of droplets are very fast, the SBM model can be
expected to occur. In GA spray deposition technique, droplets hit the
substrate with higher speed and force. But, since GA particles are smaller
compared to 1A, oxide layer on the droplets will not be expected to break.
As a result, in each droplet region formed due to GA, extended solubility

and metastable phases can be also expected in each droplet region [69].

Further investigation on microstructure images of deposits shows
the existence of some regions which can be attributed to the “droplet
region” formed during spray deposition. Figure 7.12 shows OM images of
201000 and 2810 spray deposit samples. Some deformed-elongated sections

have been formed in the sample perpendicular to the spray direction.
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Figure 7.12. BSE-SEM micrograph of spray deposited samples at middle

section of deposits, (a) 201000 and (b) 2810 samples. Red arrows show
spray direction.

It seems that the deformed-elongated sections are those “droplet
regions” which have been formed during falling of droplets and after
reaching the substrate, they have been deformed. But the oxide coating has
not been broken and results in solidification of slushy balloons inside the
spray deposits. As mentioned before, the liquid fraction of falling droplets
at the time when they hit the substrate is a function of different parameters,
most importantly droplet size. Smaller droplets, due to their higher cooling
rate, have a larger fraction solid at the time they reach to the deposit. There
is a possibility that fine particles are completely solidified during free fall
and when they reach the deposit, small solid powder particles are placed
between the other deformed “droplet regions.” Arrows in Figure 7.12 show
solid powders that have been trapped between layers of droplet regions in

the spray deposits.
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- Hardness of IA spray deposits
Hardness of IA spray deposits at 20cm from nozzle plates has been
measured in every 5Smm?” of the sample (Figure 7.13).
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Figure 7.13. Hardness map of IA 2010 spray deposits.

The hardness map of 2010 sample shows that the hardness value is
about 500Hv in the bottom part of the sample, where the deposit is in
contact with substrate. By increasing the height of the sample, hardness
decreases. This can be attributed to coarsening of SDAS in that direction.
At top of the sample, again hardness increases a bit which again can be
attributed to the finer microstructure at the top of the deposit due to the

higher cooling rate as a result of cooling atmosphere.

It was shown in Figure 6.31, hardness of as-atomized [A-655um-

nitrogen particles is about 410HV. By annealing this particle at 550°C for
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two hours, hardness reached its maximum at about 650HV. Comparing the
hardness of individual solidified as-atomized and annealed droplets with the
hardness of spray deposits shows that hardness of spray deposits are higher
than those for as-atomized droplets atomized in nitrogen, especially at the
top and bottom of deposits where larger hardness value has been measured.
In the 2010 sample, the average hardness value is in the range of hardness
of 600-710um-nitrogen particles annealed at 650°C. Note that the hardness
measurement has been done on the as-received spray deposits, without any
post-processing treatment. High hardness in spray deposits compared to
individual annealed droplets is due to the fact that, as mentioned before,
there is a self-annealing effect in the spray deposited sample which newly-
hot deposited layers at the top of the previous layer heat the previous layers
and can cause in partly-annealing of deposits which can increase hardness
of deposits compared to as-atomized individual droplets. Since there is not
enough time for complete annealing of deposits, due to heat dissipation
from deposits, hardness of spray deposits do not reach to the maximum
value that has been reported for [A-655pum-nitrogen. This shows that
another short annealing of the deposits may result in a further increase in
hardness. Further study is required to demonstrate this. This can be

proposed as a future work to be confirmed.

- Porosity measurement of spray deposits
Figure 7.14 shows porosity of spray deposited samples at different heights

in different locations of the samples. This figure shows that by going down
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from top toward the bottom part of all spray deposits, porosity level also
increases in both centerline and side of the deposits. Also, it can be seen
that almost in all samples and locations, porosity level of right side (outer
part of the deposits) is higher than that in the centerline (inner part of the
deposits). Comparing Figure 7.14.a and Figure 7.14.c with Figure 7.14.b
shows that overall porosity levels of sample 2010 are the lowest of the three
samples. It can be seen that higher amount of oxygen during spray
deposition results in higher amount of porosity in the samples deposited at
28cm from the nozzle plate. It seems in the atmosphere with higher amount
of oxygen, the oxide film forming on the droplets is thicker and therefore
the droplets cannot deform easily. This effect seems to be higher in the
outer side of the deposits since droplets joining outer part of the deposit

have larger surface area in contact with the atmosphere.
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Figure 7.14. Porosity of D2 steel spray deposits at different locations
according to the sample sectioning shown in Figure 3.9, (a) 2010 sample,
(b) 2810 sample and (c) 201000 sample.

As discussed in Chapter 2, one of the main factors affecting the
porosity level is the liquid fraction of droplets on deposition. Since falling

droplets have larger liquid fraction lower porosity level is also expected in
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the deposits formed in the lower distances. Also, there would be more liquid
fraction in the droplets hitting the top part of the deposits compared to the
ones contacting the substrate. Therefore, larger liquid fraction in the
droplets makes it easier for droplet to deform when they hit the substrate
and fill the spaces between the droplets which results in lower porosity level

at the top part of the deposit compared to the bottom part.

According to Figure 7.14, porosity is increasing by increasing the
radial distance from the centerline. If we assume that the droplet trajectory
is perpendicular to the deposit surface in the center part of the deposit, there
would be an impact angle where the droplets hit the outer part of the
deposit. Uhlenwinkel and Ellendt [71] showed that there is a correlation
between the porosity level and the impact angle. They reported that by
going from centerline to outer part of the deposit, impact angle of the
deposits increase. They showed that if the impact angle is below 25, the
porosity level is not affected. Porosity level scattering has been reported for
the higher impact angles. In order to reduce the amount of porosity in the

final product, higher values of impact angle should be avoided [71].

7.3. Summary

In this chapter, rapid solidification during spray deposition of D2 tool steel
was investigated. Effect of different process parameters such as substrate
distance and oxygen level was studied on the final microstructure and
porosity level of deposits. Comparing with rapid solidification in individual

IA droplets, it was shown that spray deposits have almost similar eutectic
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undercooling values, although they have less cooling rates and coarser
microstructure. Also, in the spray deposits, both austenite and ferrite phases
and well as M;C; carbides were formed. This is due to the tempering effect
of new hot deposited layers on the previous layers. This also causes higher
hardness in the spray deposits compared to that in the as-atomized droplets.
Microstructural analysis of the deposits showed fine microstructure at the
bottom of the deposits. This is attributed to the high cooling rate at the point
adjacent to the cold substrate. Also, using slushy balloon model, it was
possible to explain why eutectic fraction formed in the spray deposits is

close to the value formed in the individual droplets.

In the next chapter, conclusions will be made on the rapid solidification of
D2 tool steel based on all the information provided in the previous chapters,

with some discussions about the results.
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Chapter 8

8. Conclusion and future work
8.1 Conclusions

A microstructural investigation of D2 tool steel during rapid solidification
has been carried out in this work. Effect of high undercooling and cooling
rate values achieved using IA on the microstructure and properties of D2
tool steel was investigated. Characterization was then performed by electron
microscopy to study the phase fraction formed during falling of different
droplets sizes in helium or nitrogen media. The as-atomized microstructure
of the powders contains primary retained austenite dendrites and eutectic of
austenite and M,Cs carbides. Results showed that increasing the cooling
rate (fine particles and/or helium cooling gas) reduces the amount of
dendrite arm spacing. With a mean of D2 tool steel pseudobinary phase
diagram and measured eutectic fraction from SEM, eutectic undercooling
values could be calculated for particles with different cooling rates. It was
found that in the droplets with higher amount of eutectic undercooling, less
eutectic fraction was achieved during solidification. Combination of
eutectic undercooling values and dendrite coarsening model, it was possible
to calculate primary phase undercooling reached during solidification of
falling droplets. It was also found that higher amount of primary
undercooling resulted in formation of finer microstructure. The primary
phase undercooling values were then used during online measurement of
falling droplets characteristics.
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Since measurement of actual undercooling and cooling rate of the
falling droplets has long been a goal for scientists working on melt
atomization, systematic measurement of particle in-flight characteristics
also performed at various heights, in order to investigate the sensitivity of
the measurement devices (Chapter 5). The result of such measurements
coupled with the phase fraction analysis can improve the accuracy of the
solidification model. DPV-2000 and shadowgraph were used in order to
collect radiant energy, droplet size and velocity of the falling droplets of D2
steel. A heat loss model was then utilized with the droplets characteristics
measured by online measurement devices and primary phase undercooling
values from microstructural evaluation study. As a result, it was possible to
find the temperature of specific particle size at the end of the recalescence.
In a proposed future work, using this temperature, one can calculate fraction
of primary phase formed after recalescence using Scheil method. Using
measured fraction of total primary phase (from SEM analysis) and
calculated fraction of primary phase after recalescence (from Scheil
equation), fraction of primary phase formed during recalescence can be
calculated. The advantage of this method is to understand the temperature
behaviour of droplets and recalescence fraction, without using assumption

and complexity of microsegregation model.

In Chapter 6, effect of undercooling and cooling rate during rapid
solidification of droplets was investigated on the carbide precipitation and

phase transformation during annealing. As described in Chapter 4, eutectic
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and primary phase undercooling have important effect on the amount of
superstation of the primary phase with alloying elements. Amount of
supersaturation at room temperature then can be correlated to the amount of
primary and eutectic undercooling during solidification of IA droplets
(Figure 8.1). This figure shows that increasing the primary phase and
eutectic undercooling results in increasing the amount of supersaturation
inside the primary phase as a result of rapid solidification. This figure
shows that the effect of eutectic undercooling on the supersaturation of
primary phase is higher than that from primary phase undercooling. It
shows that for achieving specific amount of supersaturation, lower amount
of eutectic undercooling is required compared to primary phase

undercooling.

Amount of supersaturation of alloying elements inside the primary
phase then can be attributed to the precipitation behaviour of particles

during the annealing cycles.

It was shown that the amount of austenite to ferrite transformation
during annealing is smaller in the powders with higher undercooling and
cooling rate. It was shown that supersaturated alloying elements increase
the atoms’ diffusive energy which results in changing the transformation
temperature toward the higher temperature. As soon as precipitation of
secondary carbide begins, destabilization of austenite occurs by depleting
the carbon and chromium content of the matrix next to the precipitated

carbides. Since powder particles with higher undercooling and cooling rate
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have higher amount of supersaturation, precipitates then grow fast which
results in coarser carbide precipitates at the end of tempering process.
Hardness evaluation of the annealed powders showed that highest amount
of hardness occurs at a temperature in which fine precipitate of carbide
formed with larger fraction. The temperature at which maximum hardness
occurs is shifting to the higher temperatures by increasing the undercooling

and cooling rate of the solidified droplets.
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Figure 8.1. Effect of primary phase and eutectic undercooling on the
amount of supersaturation of the primary phase.

The information developed in Chapters 4 to Chapters 6 from a rapid
solidification method with high undercooling and cooling rate, undercooling
values was then used to develop new casting methods, such as spray

forming, as described in Chapter 7. During spray deposition of D2 tool
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steel, undercooling values similar to individual droplet solidification
achieved. This results in formation of almost same amount of eutectic as
compared to individual droplets. But since there is lower cooling rate in
spray deposition compared to atomization, coarser microstructure is formed
in spray deposits. Also, in the spray deposits, both austenite and ferrite
phases and well as M;Cs carbides were formed. This is due to the new hot
deposited layers which cause in-situ tempering of the layers. This effect can
be compared with the tempering effect of new welding passes which
tempers previous passes of a weld. Hardness of spray deposits is higher than
those for as-atomized droplets which is due to the self-annealing effect in
the spray deposits. Microstructural analysis of the deposits showed fine
microstructure at the bottom of the deposits which is attributed to the high
cooling rate at the point adjacent to the cold substrate. Also, eutectic
fraction formed in the spray deposits is close to the value formed in the

individual droplets which can be explained using Slushy Balloon Model.

With a quantitative study, correlation between undercooling and
cooling rate and the microstructure and heat treatment behaviour of rapidly
solidified D2 tool steel was investigated in this work. This could help to
better understand and develop new near-net shape techniques in order to

have advantages of rapid solidification in the final product.

Based on the data developed in this study, it is possible to control
the spray deposition parameters in a way that droplets with a specific size

range are deposited on the substrate. Since annealing and hardness
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behaviour of particles (with different size) annealed at different
temperatures were studied in this work, it is possible to have the optimized
heat treatment on the deposit (produced with specific size range). This
results in getting reproducible and predictable mechanical properties from a
spray deposit. Based on the results from the current study, it was found that
medium-size powders (600-710um) atomized in nitrogen have highest
hardness during annealing at 550°C. Also, it was found that at 20cm spray
deposition distance, lowest porosity along with good hardness properties
can be achieved in the deposit. Combining atomization of medium-size
droplet on a substrate with 20cm distance from nozzle plate and annealing
at 550°C can result in spray deposits with high mechanical properties along
with low porosity values. Further studies need to be done on heat treatment
and mechanical properties of spray deposit to be able to draw final

conclusion.

8.2 Future work
Based on the finding of the present work, the following subjects would be

recommended in particular for further studies:

1. Microsegregation modeling of high-carbon high-chromium steels
in order to better understand and investigate effect of various degree of

undercooling on the formed phases and transformations in the system.

2. Investigation of mechanical properties of the produced D2 steel
bulk samples (either from spray deposition or powder metallurgy method),
in order to understand effect of production and solidification parameters on
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the final properties of the alloy in its application, especially wear properties

and tensile strength.

3. Measurement of growth velocity as a function of different amount
of undercooling values using low cooling rate-high undercooling technique
(for example electromagnetic levitation). This will be beneficial in order to
better understand effect of different levels of undercooling on the final

properties.
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Appendix

9. Appendix A
Figure A.1 shows power curve fitted radiant energy at wavelength 2 (Q(1,))
versus droplet diameter of D2 tool steel measured at A, at different heights

for the droplets that are fully liquid, including those that are undercooled.
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Figure A.1. Power curve fitted radiant energy of Q(A,) as a function of D2
tool steel droplet diameter for the fully liquid droplets.

Figure A.2 shows power curve fitted radiant energy at wavelength 2
(Q(\)) versus droplet diameter of copper measured at A, at different heights

for the droplets that are fully liquid, without undercooling.
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Figure A.2. Power curve fitted radiant energy of Q(A;) as a function of
copper droplet diameter for the fully liquid droplets.
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Figure A.3 shows Q(M)/d* versus K; values for the D2 tool steel
liquid droplets at different heights during free fall. The points for three
droplets are joined, 614um, 700um and 800um. The solid lines connect

Q(A,)/d? values at different heights but for the same droplet size.
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Figure A.3. Q(A,)/d* versus K, graph at different heights for the D2 tool
steel liquid droplets.
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Figure A.4 shows Q(A;)/d* versus K, values for copper liquid
droplets at different heights during free fall. The points for three droplets
are joined, 616pm, 772um and 983um. The solid lines connect Q(A,)/d’

values at different heights but for the same droplet size.
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Figure A.4. Q(h2)/d* versus Ks graph at different heights for the copper
liquid droplets.
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10. Appendix B

In order to calculate A and B values in Eq. 6.4, one needs to know
equilibrium concentration of M and C at minimum two temperatures.
Therefore, Thermocalc software ver. 5.0.4.75 was used in order to find the
equilibrium concentration of different alloying elements in austenite at two
temperatures of 650°C and 750°C. First, in order to get information about
austenite at these two temperatures, ferrite formation was supressed by
removing ferrite from the list of final phases. As a result, austenite was
present at two selected temperatures. Then equilibrium concentration of
chromium, carbon and other alloying elements at 650°C and 750°C was

calculated using the software, as shown in Table B.1.

Table B.1. Equilibrium concentration of allotting elements in austenite at
650°C and 750°C

Equilibrium concentration in austenite (wt.%)

Element

650°C 750°C
Chromium 1.72 2.62
Molybdenum 0.05 0.21
Vanadium 0.01 0.02
Carbon 0.054 0.1

Using values shown in Table B.1, one can calculate values of A and

B in Eq. 6.4.
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