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ABSTRACT

Ferritic steels and austenitic alloys are usgtknsivelyas structural mategisin power
generation facilities such as fosBiked and nuclear power planGurrently, these alloys are joined
using common fusion welding processes. Howevissimilar metal welds between ferritic and
austenitic alloys are susceptible to prematatlere due to a variety cfimultaneously operating
metallurgical issuesncluding carbon migrationgcalized creep strain, and coefficient of thermal
expansion ngmatch Although improvements have been made to alloy selection and weld design
over the pst few decadeshe root causes that ultimately lead to failure persistmany of the
power plantsesponsible for the worldwide production of electricity haveeerled or are nearing
their designed lifetimesan engineering solution that directly adsyres the underlying

metallurgical challenges is of great interest

Dissimilar metal welds between ferritic and austenitic alloys are an attractive application
for the design of a functionally graded material system capable of preventing premature failure.
Functionally graded materials represent a class of advanced materials designed to achieve a
function by locally controlling density, composition, or microstructaremgineer sitspecific
properties Problemsarising from abrupt changes in chemical cosipon, microstructure, and
properties in dissimilar welds can be overcome by implementing a functionally graded material
that gradually transitions from a ferrigteel to an austenitic allofdditive manufacturing is well
suited for the design and fadation of spatially dependent material combinations to achieve
specific function®y grading chemical composition in a layer by layer manner.

Carbon migration in idsimilar metal welds between ferritic and austenitic materials has
been identified as a ajor cause for poor creep performance and premature failures in nuclear
applications. Steep composition gradients and abrupt microstructural changes result in a large
thermodynamic driving force that facilitates carbon diffusion away from the ferriticriadate
leading to negative impacts on creep strengthappropriately graded transition joint effectively
reduces the driving force for carbon diffusion by lowerimg ¢arbon chemical potential gradient.
Theoretical calculations show that negligible antsunf carbon diffusion occur under typical
service conditions in a functionally graded material between 2-2510r steel and Alloy 800H

compared to its dissimilar weklcounterpart. The functionally graded material fabricated using



laserbased directed ermgy deposition was theexperimentallytested for its effectiveness in

reducing carbouliffusion andwas shown to significantly outperform the dissimilar weld.

Microstructural characterization indicated that a full composition gradient from 2.25Cr
1Mo steel and Alloy 800H may not be necessaagd a shoer transition joint will suffice When
the microstructure becomes fully austenitic, there is little change in maicioess and further
compositional grading provid@o benefits in reducing carbon diffasi Additionally, a soft zone
formed at the beginning of the functionally graded material near the ferritic steel, leading to an
abrupt change in properties. If thisgion is excluded from the functionally graded material,
however, the designed functiohtbe transition joint for reducing carbon diffusion is negatively
impacted. This finding indicates that tradeoffs between the function and unexpected microstructure

exist during the design and fabrication of functionally graded materials.

Lack of fusiondefects, which are detrimental to properties and performémeeedin
specific regions of the functionally graded material. The formation of defects was trabadges
in molten pool geometry dut variations in chemical composition. The presencanafor
alloying elements changes the activity of surfacive elementsnamely oxygenin discrete
regionsthroughout the functionally graded material. Tthermodynamicactivities of surface
active elements significantly impact the magnitude and dmeadf liquid metal flow during
processing due to surface tension driven effects. The simulated molten goeltges were found
to be deep and narrow for compositions close to the ferriticatedbecome shallower and wider
as composition is graded towda the austenitic alloy. To avoid lack of fusion defects, process
parameters such as laser power or hatekisgmayneed to be adjusted-gitu to account for the

variations in molten pool geometry.

Changes in chemical composition during compositignatling can lead to the formation
of unexpected secondary phases that can significantly alter mechani@atipsognd sometimes
lead to build failures. The precipitate morphology in additively mactufed nickel base
superalloys with slight changes imemical composition was investigated with the goal of
establishing connections between chemical compositiohpaecipitate type. Although the-as
deposited alloys exhibited similar precipitate distributions, the differences in precipitate type and
morpholayy were striking. Variations in minor alloying elements were found to be an important

driver for secondary @se formation itoththe asdepositedand hot isostatic pressednditiors.
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Chapter 1
INTRODUCTION

1.1 Structural material challengesin power generation facilities

The worldwide generation @lectricity from various fuel sources has risen steadily over
the past 40 to 50 yeais. 2016, about 25 petawatburs (1 peawatt = 18° watts) were generated
from a combination of coal, oil, natural gas, hydroelectricity, nuclear, and other forms of renewable
energy;amounting to an approximateurfold increase from 1973 ]. To put trese numberto
perspective, 2petawatthours would be equivalent to the power consumed if every human on
Earth (~7.5 billion)eachsimultaneous} operated 15@ncandescent lightbulbs (60 W) for a full
year.The use of atural gas, coal, and nuclear energy constaieut 72% of théotal electricity
generatiopas shown irFigure1.1, much of which comes fronailge power generation facilities
located in developed countri¢$]. Thesepower generation fadies typically operate at the
highest temperatures possible for the best efficiency while maintaining a low risk of catastrophic

failure that wouldbtherwisgeopardize the safety of workers or pultlitzens

Other Other
Hydro 1% Hydro 8% Coal

Coal
21% 9
4 38% 16%

oil

. Natural Gas
il 4%

25% 1973 23% 2016

Figure 1.1. A comparison of the worldwide electricity production by various sources in 1973 and
2016, with most electricity now being produced using coal, natural gas, and nuclear sources.
Reproduced frori] .

A variety of materials are used in power generation facilitiesseasis Figurel.2, which
shows an examplaf the structural materials used in a pressurized water reactor in a nuclear power
plant [2]. The integrity of structuraalloys is an important factor that determines the service
conditions of plant operation and ultimately the efficiency of energy generatioeneka trade
off between performance and cost exdising material selectiorgnd for this reason, the most

economical andafe choice is to use a combination of a wide vaoéglloys.Inexpensive, low
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alloy ferritic steels have good strength and @sion resistance and are a popular choice for low
temperature environmentke steam generatovessels and piping8]. Meanwhile, austenitic
stainless stesl and nickebase superalloys exhibit excellent corrosion resistance and creep
strength, making them suitabler the most extremservice conditions such as those found in

steam generators and superheaters.

Primary Circuit Secondary Circuit
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Figure 1.2. An example of the structural materials used in the primary and secondary circuits of
a pressurized water reactor anuclear power plarf@] . Repinted with permission from Elsevier.

Alloys of all types need to be joined, often lmsibn welding, which can result in
unintended consequences that may not be realized until after years of plant ofeeg@nding
on engineering dggn, power generation facilities can contain thousands of dissimilar metal welds
[4]. The premature failure in the transition regidoetween dissimilar alloys is both an economic
and a safety concern. It has beeported that theosts of plant outages caused byreair and
replacement of dissimilar welds can reaarly $1 million per day{5]. Often found in steam

generators and superheater sections, these welds operate under a wide range of service



temperatures offgoroximately 406600°C [6]. A leakage in these regions of the plant can damage

surrounding materials and, more importantly, cause severe bodily harmkiersvon site.

The issue of dissimilar weld failures is wi&hown and establishe®Based ona 1982
industry survey[7], about 19%of plantshad reported cracks and leakage of dissimilar welds
betweerlow alloyferritic and austenitistainlessteeldn boiler applicationsimilar to that shown
in Figurel1.3. The time to failure ranged between 29,000 to 125,000 hours (~3 to 14 years) and the
average time to failure was estimated around 80,000 hours (9 yidasg time fall well short of
designed plant lifetimes of approximately 30 to 40 yebrwrestingly a striking correlation
between failure and filler metal type was observed, as welds using stainless steel filler wire
constituted about 63% of all reported fagarMost failures ocurred in the heat affected zone of
the ferritic steel adjacent to the fusion line aveteexacerbatetby thermal cyclingduring plant

shut down and start up.

c !
i, - :along
“weld interface/ /

. 316 SS
Ni-Base Th I
Weld Metal armovee

4
"

_along
FGHAZ

Grade 91

Boss

Fusion Line

| Grade 91
| Base Metal

PIE
' Cracked
weld interface

~ inconel182
Diffuse interface =

Figure 1.3. Failures inferritic/austenitic dissimilar welds often begin with crack formation, such
as that seen in (a) a failed thermowell between Grade 91 steel and [BE3hdaboratory creep
experimentsmicroscopiccracksrepeatedlyform near the weld interfada the ferritic steel for a
variety of alloy combinations, including (b) 2.25C¥o ferritic steel and Alloy 80[®] (Repinted
with permission fronSpringerNature and (c) P92 ferritic steel and nickel superalloy Inconel
740H[10] (Repinted with permission from Elsevier)



With the worldwide demand for energw the rise, global efforts are being undertaken to
meet these demands in economically and environmentally friendly ways. Until major
breakthroughs are made to use renewable energy sources, humans will continue to rely on
electricity generation via curreriiel consumption methods. Howeveramny fossitired and
nuclear power plants in operation are either approaching or have reached the limits of their design
lifetime [11]. Since constructing entirely new power plaaksneis not costeffective, scientists
and engineers have been tasked with the material challenges associated with keepangsald pl
operation. Furthermore, new fosBiled and nuclear power plants are being designed to last longer
(up to 80 years) in much harsher environments than ptantsntly in operatiofil2, 13} These
energy needs raise an important question for practicing enginearsan we advance the science

and technology of materials engineering to ensure effiojgatation and plant safety?

1.2 Opportunities for advanced manufacturing of multifunctional materials

Many individual research efforf40, 1419] and major revievarticles[3, 7, 20, 21jhave
investigated the issues leading to premature failures in ferritic to austenitic weldments. While
degradation during service cannot reliably be traced to a single robamesm, the following

interdependent factors contribute to failurelissimilar metal welds:

Carbon migration from the ferritic steel to the austenitic filler metal
Creep cavitation voids forming around carbides near the fusion line
Mismatch in coefficiehof thermal expansion between alloys and filler metals

Selective aidation at the weld interface due to changes in chemistry

= =2 4 A -

Localized stress concentrations caused by changes in material properties

Nearly all the listed factors arise from an abrupt changhemical compaosition, microstructure,

or properties over a rdlaely short distance associated with regions near the weld interface.
Examples of the scale of these spatial changes are shdwgune1.4 for a dissimilar ferritieto-
austenitic weld. Some approaches to mitigate these metedllirgsues include the selection of
various filler metal compositions, improving the joint design, introducing intermediays,cnd
modifying the chemical composition of the alloys. Even after decades of realization and research,
however, a comprehens, costeffective solution to prevent premature failure in dissimilar metal

welds between ferritic and austenitic alloys fermained elusive.
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Figure 1.4. Abrupt changes of both (a) chemical compositiod é) microhardness across the
fusion line of a dissimilar weld between 2.25o steel and Alloy 800 using Inconel 182 filler
metal [15] introduce many metallurgical issues that lead to premature faiReminted with
permission from Springéature

The core solution to overcoming the challenges found in dissimilar welds bdevegn
and austenitic alloys resides in the gyptio eliminate abrupt changes in chemical composkHiweh
the resulting microstructure and properties. Instéats reasonable to assume tlaaigradual
change extending over a much larger distancejecbias a graded transition joint or, more
commonly,a functionally graded material, woulitigate these problemk fact, the current best
practices use this concemlbeit on a larger scale than where problems odountilizing a
trimetallic weld joint configuration An intermediate alloy, usually mickel alloy, is inserted
between ferritic and austenitic stainless steels to retheeoefficient of thermal expansion
mismatch[3]. Although these configurations have shown to improve the lifetime of joints, they

simply buy more timeand are still prone to failure before the expegtiedt lifetime[4].

The recent emergence and development of additive manufactachnologies provides
a promising approach talfricate graded transition joints with a controlled variation in chemical
composition, microstructure, and properties. Ldsesed, powdeblown directed energy
deposition a popular additive manufacturiqgocess,offers a meas for selectively varying
chemical compositiorn a layerby-layer manner on a length scale0dbto 1 mm[22]. Both pe-
alloyed and elemental powders can be combingutedefined ratios to spatiwltailor chemical



composition profilesWhen engineered with a specific function, it is hypothesized that these
functionally graded materials can overcome the existing cha&eagsociated with tHesion

welding of ferritic and austenitic alloys.

1.3 Reseach Objectives

Dissimilar metal welds between ferritic and austenitic alloys used in energy generation
applications are susceptible failure before their expected lifetime due a variety of
metallurgical issues related to a sharp change of chemicgbasiion, microstructure, and
properties over a short distance at the weld interface. A gradual change in material from the ferritic
steel to austenitic alloy over a length gcatders of magnitude larger than that found in welds is
proposed to overcomédid challenges associated with dissimilar metal joining. This research
investigates the science and metallurgy of additively manufactured functionally graded materials
between feitic and austenitic alloys for improving the service lifedi$similar metaljoints.
Specifically, this research seeks to quantitatively understand how compositional changes influence
the processing, microstructuandproperties of alloys used in fumnanally graded materials. The
following are areas of focus in this thesis:

1. The theory and design of compositional profiles that serve a function during sandce
experimently testingthe effectiveness of the material.

2. Characterization of the changesmicrostructure and properties when changing from a
ferritic to austenitialloy.

3. Unforeseen challenges in the additive manufacturing of functionally graded materials and
the effects of chemical composition on their printability.

4. The effects of composdn on precipitate formation in austenitic alloys relevant to

functionally gaded material applications.

The scope of the thesighich employs a suite of experimental and computational,tools
includes the design, fabrication, and testing of functionatiylgd materialgitended for service
in power generation applicatianSompuational thermodynamic and kinetic simulations serve as
an invaluable tool to design and predict behavior of functionally graded matdikdserbased
directed energy depositiadditive manufacturing process is used to then fabricate functionally
gradel materials with prélended elemental and alloy powdefsnumerical heat transfer and

fluid flow model is utilized testudy the effects of chemical composition on changes iremplbol
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geometry Microstructural characterization is performed with a \tgred microscopy techniques
on length scales ranging from tens of nanometers to millimeters. The combinati@setdols

allows for comprehensive research that lays the grouridfeo the development of structulgal

sound functionally graded materials for power generation applications.

1.4 Thesis Structure

The thesis begins with a brief introduction in Chapter 1 into the fundamental material
challenges that have plagued structuralerials in nuclear power generation fa@ktfor decades.
The motivation for this research is built from the challenges in terms of potential socioeconomic
benefits and workplace safety, followed by a detailed list of objectives. Finally, an oventlesv of
methodology used to achieve these regeabjectives is given.

In Chapter 2, a detailed formulation of metallurgical issues in dissimilar welds introduced
in Chapter 1 is developed based on decades of scientific research. To establish the fdondation
using advanced materials to overcomesgéhehallenges, an overview on functionally graded
materials is given where advantages and disadvantages are discussed. Next, the cuoént state
the-art of additive manufacturing is reviewed to provide a bamkgu into the methodology
employed in this rgearch to design, control, and fabricate functionally graded materials. Finally,
the influence of additive manufacturing on material properties and performarastdaessd.

The specific design for limiting caon diffusion by using functionally gradedaterials
between ferritic and austenitic alloys is analyzed in Chapter 3. A formulation of multicomponent
diffusion in the alloy system is made and the effects of chemical composition on the driving force
for cabon diffusion are studied. The tools and Inoetology for predicting carbon diffusion during
long-term service, where laboratory experiments are not feasible, are explained in detail.
Accelerated heat treatments are then used test the effectivenessgofuasitionally graded
materials over dissimal welds to limit carbon diffusion. Experimental measurements of the
resulting carbon diffusion profiles from additively manufactured samples are presented to confirm
and validate the hypothesis. Finally, furtbeedictions are given to estimate the adagas gained

by replacing conventional dissimilar welds with functionally graded materials.

Chapter 4 evaluates tlesdeposited microstructure of the functionally graded material
between 2.25CtMo steel and Aoy 800H. Experimental observations are camga with

theoretical predictions to understand the effects of chemical composition variations on phase
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transformations. Additional single alloy composition specimens were fabricated to determine the
phase compition and transformation behavior in diffateregions of the functionally graded
material with emphasis placed on the regions encompassing the transition from a ferritic to

austenitic microstructure.

Upon further evaluation, defects due to improper selemf process parameters were
found in theadditively manufactured samples, which would compromise the properties and
performance of the functionally graded alloy. Chaptéevelops an understanding into the effects
of compositional changes during fuinectal grading on molten pool geometry duriadditive
manufacturing. The chapter begins with an analysis of the experimental methodology and analysis
of singletrack deposits fabricated from different powder mixtures. The observations and trends in
the exgrimental data are established as a functibochemical composition. The background
theory is established and calculations of important thermophysical that affect melt pool geometry
are made to explain experimental observations. Rigorous heat transfenéifidw calculations
that account for fre surface deformation and the effects of suradese elements on fluid flow

are used to simulated experimental conditions.

The effects of chemical composition on the formation of secondary precipitates in an
additively manufactured nickel superalloy, iath is commonly used as a parent alloy in
functionally graded alloys, are studied in Chapter 6. Calculations based on both equilibrium and
nortequilibrium thermodynamics are made to predict precipitate formatged on chemical
composition. The calculatns are compared with experimental measurements and guidelines are
presented to tailor chemical composition during functional grading to avoid deleterious secondary

phases.

Finally, the results of this researale summarized in Chapter 7. The conclusfom® the
thesis are evaluated based on the contributions to materials science.
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Chapter 2
LITERATURE REVIEW

2.1 Metallurgical challenges inferritic to austenitic dissimilar welds

Dissimilar metal joints between ferritic and austenitic materials are commonly found in
sector transitions of fossiired and nuclear energy generatiogilities [1-4]. Ferritic low-alloy
steelsare often usedh pressire vessels due to their good strength and corrosion resistance at
elevated service temperatures. Austenitic stainless steels dfid@realloysoffer excellent high
temperature strength, resistance to oxidation, and creep rupture properties. Fusiog weldi
between these dissimilar materials is typically performed wikamless steel anickelbased
filler metals, dependingon the alloy systemCorsequently abrupt changes in chemical
composition, microstructure, and mechanical properties are obsfye#6], leading to a
degradation in the performance of the joint during ergn high temperature servig¥]. This
section reviewsome of the metalhgical characteristics and challenges in dissimilar welitls

an emphasis ocarbon diffusion

2.1.1Carbon migration

Mass transfey diffusional processes is an importtoytic of interest in materials science
and engineering. The amount of mass transpahiedigh a unit area per unit area is defined as
the flux, J, and is often uskto represent the overall transport. In the simplest férin,c k 6 s f i r ¢
law for onedimensionalsteady state diffusiocommonlyexpresses the flux of a component as
o] (2.1)
Qw
whereD is the diffusion coefficientC is the concentration of the species, amslthe direction in
space. The diffusion coefficient is a term that represents the kinetics of the prddesthes
concentration gradrg (dC/dX represents the driving force for diffusion. Equat{@ri) indicates
that a species will move from a region of high to low concentrafibis situation is @alogous to
a ball rolling down &nill, where the ball moves from a location of high to low potential energy.
The concentration profile in Equati¢®.1) is constant aa function of time, and therefore is not
practical for many redife scenarios that involve difsional processes. The time evolution of the

concentration profile can be written as a partial differential equation,
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ToT o T ol
wheret is time. Equatiorf22)i s r ef erred t o a s-steadycstaté diffussoeio ond |
one dimens o n . I n physical processes described b
concentration profile in one dimension evolves as a function of tirtieitueventually reaches
steady state. Consider dropping colored dye into a narrow vial of \vetiee. begining moments,
the dye is highly concentrated at the dropping location, and eventually the dye spreads out evenly
so that the concentrationis@nor m at al | points in the vial

second law of diffusion.

Equationg2.1) and(2.2) are taught in many introductory materials science and engineering
course, where the dxiing force for diffusion is expressed as the concentration gradient of a
species. These equations can accurately represent simpliialbinary systems such as the
carburization of pure iron. However, maeggineeringmaterials applications arenided and
cannot be adequately described by Equatjariy and(2.2). For example, a set of experiments in
which two steels with roughly similar carbon concentrationswiitht different amounts of other
alloying elements, were welded and subjected to high temperature heat trgd@m&otording
to Fickos first and second | aws above, there
interface because the carbon concentration gradiemuighly uniform, and it should remain
unchangedkigure2.1 shows the measured carbon concentration profile across the weld after a 10
day heat treatment at 10%0) which indicates that not only was there a change ioaheentrabn
profile, but carbordiffusedfrom regions of low to high concentration near the weld interface.

I .
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Figure2.1. The carbon concentration profile across a weld of two steels, one containing 3.80 wt%
Si andthe other with 0.05 wt% Safter a 10 day heat treatment at 106J7] .
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These diffusionexperiments are an examméphenomena called uphill diffusion, when
the flux of a species opposes the direction of the composition gradienteispebies migrates
from area of low to high concentrations. To accounttfus phenomenarit is more general and
accurate to represent Fickds equations as,

0 O—, 2.3)

L0 (24)

wherelL is termed as a mobility factor amds the chemical potential of a specigsEquations
(2.3) and (2.4), the driving force for the diffusion of species is now represented by the spatial

gradient inthe chemical potential of that species.
The chemical potential of a specigss defined as
Ct YYD (2.5)

where' s the standard chemical potential defined by the chosen referenc® sdkes universal
gas constantl is temperature and is the activity.The activity of an element in dilute alloys is

most commonly expressed as,
®w [ L (2.6)

whereg is the activity coefficient andi\t%] is the weight percent of elemantUsing the Wgner

formalism[8], the activity coefficient can be written as,
ifrciire o0& (27)

in which? is constant taken to equal unity, are the firstorder interaction coefficients between

elements andj, and[wt%] is the weight percent of elemgniThe magnitude gf indicatesthe
strength of the interaction, while the sign dictates whether elemecteases or decreases the
activity ofi. Interaction coefficients for carbon in liquid iron at 1600are shown ifable2.1 as

an exampleFrom Equation$2.5)-(2.7), it is evident that the presencg afloying elements affects

the chemical pantial of element, which in turn can influence the driving force for diffusion.

12



Table2.1. Interaction coefficients between carbon and other common alloying elements in steels
in liquid iron at 1600C.

Element;] Al Cr C Mn Mo Ni Si \
i 5.3 -5.1 6.9 -2.7 -4.0 2.9 9.7 -16.1

Carbon migration is a major probleirat contributes to the premature failure of dissimilar
ferritic-to-austenitic weldments in power generation facilifz9]. The problem is similar to that
studied in the Darken errimentg7], and a schematic diagram is showrrigure 2.2. Both the
ferritic and austenitic alloys contain roughly 0.1 wt% C, which results in an approximatiirm
distribution of carbon across the weld. Hower, austenitic alloys, such as stainless steels and
nickel base filler metals, often contain large amounts of alloying elements that reduce the chemical
potential of carbonKigure 2.2(b)). Consequentlya large drop in the carbahemical potential
over a short distance at the weld interface results in a large thermodynamic driving force for carbon

diffusion.
Ferritic E Austenitic = Ferritic é Austenitic
= -8
s Steel kS Alloy ?) Steel B Alloy
€ fen) *5
@) °
s o

X O Lé) o
e o
B Constant concentration Q Dr1v1pg fqrce

= for diffusion

Q

Distance Distance

(a) (b)

Figure 2.2. Although the carbon concentration is roughly uniform acdissimilar welds between
ferritic and austenitic alloys (a), the abrupt changes in chemical composition lead to a large
thermodynamic drivig force for carbon diffusion (b).

Operating temperature in regions of power generation facilities containing ithssuelds
are typically in the range of 4a8DC°C [10]. At these temperatures, the diffusion of substitutional
alloying elements such as Cr is sluggish, while that of carbon, an interstitial element, is relatively
fast[11]. Consequently, the carbon concentration proféeslve significantlyas a funabn of

service time A carbon concentration profilacross a dissimilar weld of 2.25CMo steel and
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Inconel filler metal taken out of service is showrrigure2.3[12]. The weld was operated in the
temperature range of approxitaly 540565°C during its lifetime. On the ferritic side of the weld
interface, a carbon depleted zone forms, which represents a region where the carbon concentration
falls below the initial concentration of the steel. In the austenitic filler metal adjecéhe veld

interface, carbon accumulatesd this region is commonly referred to as the carbon enriched zone
[4]. In this region, the carbon concentration can often exceed the solubility limit of the alloy, and

as a result, various types of carbides form depending on the chemical cornpafsitie doy.

B Weld interface —»

=)
S sl 7
R
S | Ferritic ‘ Austenitic
S | steel o aloy
-ﬁ |
5 1f
o |
c i ‘\\\
Q | Carbon depleted ,
o zone Carbon enriched
c 05 zone
o +
i®) | Initial carbon
S | concentration
O | v

O _\ | \ _\ ______ _\

-30 -20 -10
Distance from interface [mm]
Figure 2.3. The measured carbon concentration profile across a dissimilar weld between-2.25Cr

1Mo steel and Inconel filler metal that was taken out of service. The opetatipgrature range
for this weld was approximately 5855°C. Data from figure acquired frofi2].

Although carbon concentration profile measurements from dissimilar welds placed in
service, such as lRigure2.3, arerathersparse, many efforts have been underta@envestigate
carbon diffusion in laboratory experimefit8-16] and computer simulatiorj$7-19]. The carbon
concentrabn across a dissimilar weld between a ferritic-BGMo steel an@1Cr12Ni austenitic
in the aswelded condition is shown Figure2.4(a). Some fluctuations in thewcentration profile

14



are observed near the fusion line, but the distribution across the weld is roughly uAifigm.
aging heat treatments at 3@for 1000 h, large amounts of carbon accumulation are measured in
the austenitic alloy adjacent to the welterface inFigure2.4(b), similar to the measudeprofile

in Figure2.3. Although laboratory experiments such a&igure2.4 are performed on a time scale

of weeks to months, they are often useful for studying the diffusional processes thainoccu

dissimilar welds over a course of yetrglecades.

T v T T T T I T T 242 T T T T T T T # T
~ 20 1 2.0 .
8 -+ experimental data ~ l — calcul_ated profile
a 1.8 | F A 'g 1.8 - ® experimental data -
B 16l { 5 16 l
L Rl \ 4
.g 1.4 < F A
% 12 S 12f \ ]
: { &
S 10} { 810 e\
Q 7] .
S o8t { g o8 .
O a o
o 0.6 . -
g 061 1 ¢
- L] —~
€ 04l 1 2 04
S S 02} * o @ v . .
02F Se—e— " ‘\\R. 1 &= p «l——-‘——.‘— 2o, — o |
0.0 - N
0.0 1 " 1 A | I 1 1 1 " 1 1 1 1 | | A 1 1 " 1 L
50 <30 <10 10 30 50 70 90 110 60 -40 20 0 20 40 60 80 100
Distance from the Weld Interface (um) Distance from the Weld Interface (pum )

(a) (b)

Figure2.4. A comparison of the carbon concentration profiles in laboratory experiments across a
dissimilar metal weld between a 5G5Moferritic steel and a 21GA2Ni austenitic alloy (a) in

the aswelded condition and (b) after heat treatment at°&@r 1000 h[13]. Repinted with
permissiorfrom Springer Nature.

Carbon migration can also be analyzed qualitatively through metallographic examination.
Chemical etchants can be used to distinguish carbon depleted and carbon rich regisimsilairdis
welds under a light optical microscope. Typigacarbon concentration gradiertause contrast
in images, where light etching regions typically contain less carbon and dark regions are
significantly enriched. For example, thewaslded microstruttire inFigure2.5(a) shows aharp
interface between a ferritic 18MND5 steel and SS309L, and the contrast within each alloy is
roughly uniform[14]. After a posweld heat treatment at 6’0 for 8 h, a dark band representing
carbon enrichment is visible in the austenitic allokigure2.5(b), while the carbon depleted zone
in the ferritic steel etch relatively lightly compared to theaender of the steel microstructure.
Although microscopic techniques do not provide quantitative data, they are an inexpensive

alternative forquickly identifying regions of dissimilar welds affected by carbon diffusion.
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Figure 2.5. Microstructures in a dissimilar weld between 18MND?5 ferritic steel and SS309L (a)
in the as welded condition and (b) after post weld heat treatment aC&b0 8 h showing the
formation of carbon depleted and enriched zdid$. Repinted with permission from Springer
Nature.

2.1.2Microstructureand propertyevolution

2.1.2.1Aswelded condition

The microstructures aund the weld fusion line betweenridc and austenitic alloys can

be complex de to differences in chemical compositiamd local variations in thermal histories

In ferritic steels, solicstate phase transformations occur in the heat affected zong (kb Affect

the phase fractions dmgrain size. The HAZ is defindtereas a region which does not melt during
welding, but experiences peak temperatures that can alter the microstructure upon cooling. An
example of microstructure evolution for a P91eb{@€0] is shown inFigure 2.6. Immediately
adjacent to the fusiomone (FZ) the peak temperature remains below the solidus temperature of
the steel but remains high enough to induce sigamti amount®f grain growth. As the peak
temperature decases moving away from the fusion zone, a gradient in grain size results due to
the differences in grain growth kinetics. This region is collectively referred to as the coarse grain
HAZ (CGHAZ). At the outer boundary of the CGHAZ, the peak temperature esackialue that
cause the recrystallization of new, small austenitic grains. Since the temperature is not high

enough to allow for significant grain growth, the grains in this region remainvediafine, and
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this region is called the fine grain HAZ (HAZ). The FGHAZ extends until a point is reached
where the peak temperature is at the boundary of thehase ferrite/austenite region in the phase
diagram. The original ferrite grains of the basetal partially transform to austenite within this
region often referred to as the intertical HAZ (ICHAZ). Beyond the ICHAZ, the temperatures

remain low enough that no phase transformations @oaliany grain growth is negligible
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Figure2.6. A schematic @igram of the different regions ohaat affected zone in a P91 steel with
the accompanying approximated phase diagf20j.

The example ifrigure2.6 was described for a P91 steel, however the same concepts apply

to manyferritic materials. Opticainicrographs of the HAZ in a 2.25@Mo steel weld using OE

S3 NiMo-1 filler metal are shown iRkigure2.7. These gradients in microstructunethe HAZ of
ferritic steels can lead to namiform properties. The significant grairogvth in the CGHAZften
causes softening due to the Hadtch effecf21, 22] which states that a matddaastrength
generally decreases as the grain size increases. The HAZ of ferritic stafeds ithe region of
failure in both similar and dissimilar welf®, 23, 24] It should be noted that although gradients

in microstructure occur in the HAZ of ferritic steels, the chemical asiipn remains rougy

uniform, and the changes in grain size are caused by local thermal histories during welding.
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Figure 2.7. The aswelded microstructure of a 2.25@Mo steelOE-S3 NiMe1l filler weld
showing (a) the maciscopic view of the FZ, HAZ, and BM, (b) the interface between the FZ and
CGHAZ, (c) the FGHAZ, (d) the ICHAZ, and (e) the unaffected [BBJ. Reprinted with
permission from Elsevier.

Immediatdy adjacent to the HADf the ferritic steeis the fusion zonavherethe melting
of materid and mixing of alloying elements occuiEhe fusion zone can be separated into three
distinct regions, namelthe partially melted, the partially mixed, and tllyf mixed zones. The
partially melted zone refers to regions in the ferritic steel where the peak temperature is between
the liquidus and solidus temperature of the alloy. In this region, convectivesfioggligible, so
any changes in chemical compamitioccur primarily by diffusion processes. Due to the rapid
cooling rates during welding, the diffusion distances in the partially melted zone are relatively
small, and the chemical composition in thigioa is similar to the base met&8imilarly, the
mixing of alloys is dominated by diffusion in the partially mixed zone, however convective flow
also contributes significantly to the mixing of alloying elements. Liquid metal flow driven by
Marangoni convetion dominates heat and mass transfer in the foithed zond26, 27] resulting

in chemical compositions significantly different from either base material.

Martensite formation is comman the partially mixed zone because the mixing of alloying
elements increas the hardenability this region28]. Regions of martensite are easily identified
using microhardness measments, since the hardness of martensite is typically much higher than
ferrite, bainite, and austenif29]. A microhardness trace across a fusion weld between 2.25Cr
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1Mo steel and SSBL [30] is shown inFigure 2.8. The size of théhardness hman inverse
relationship with hardness values, where small indents resist localized plastic deformation
resulting in high hardness values. Thghesthardness values occur in the partially mixed zone
on the austenitic side of the weld intedagvhich indicate martensite formation. Overglgure

2.8 highlights the complexity in property distribution across ferritiaustenitic dissimilar welds
where abupt variations occur due to the combined effect of changes in chemical composition and

microstructure.
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Figure 2.8. A series of hardness indentations across the fugienof a dissimilar weld between
2.250-1Mo steel and SS309L, where the Vickers hardness values are shown by their respective
indents[30] .

The overall width of the martensitic regions is dependent on both welding parameiters a
the type of austenitic alloy or fdl metal used. The propensity to form martensite can be most
easily evaluated by calculating the martensite start temper@iye which indicates the
temperature at which the transformation from austenite to maetdreginsupon cooling Many

empiricalrelationshipshave been established with directly relate chemical compositidg[&28,
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31-33]. Exanmples of the calculated martensite distributsoacross dissimilawelds ketween a
ferritic steel and austenitic alloys SS309L and Inconel®[8@pare shown ifFigure2.9. Regions

of chemical composition ith a martensite start temperature above room temperature aredikely t
undergothe martensitetransformation From Figure 2.9, a much wider band of martensite is

predided to form in the dissimilar weld using SS309L compared to one using Inconel® 625.
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Figure 2.9. Variations in calculated martensite start temperature using measured chemical
composition as dunction of distance across a weld interface between a ferritic steel and (a)
SS309L and (b) Inconel® 6230] .

2.1.2.2After heat treatmenand aging

Nonruniform heating and cooling coupled witkignificant differences in thermal
expaision coefficients can lead to residual stresses in dissimilar welds imtheddees] condition
[34-36]. Postweld heat treatments are a method to reduce residual stresses at the weld interface
that would otherwise contribute &iress concentrations and localized variations in performance
[37]. The use of high temperags can promote carbon diffusion and induce microstructural
changes that affect the overnaibperties of welded joints.

An optical micrograph of a dissimilar weld between 2.2%%lo steel and SS30930]
with hardness indeniahs across the fusion line is shoaman example Figure2.10. The dark
region at the weld interface corresponds to the caemoiched in the austenitic filler metal, which
has a significantly higher hardness thanr@umdingregions in the ferritic steeCompared to
Figure2.8, the ferritic steel significantly softens after heat treatmekiganre2.10 due to carbon
depldion and grain coarseninfn general, these large gradts in hardness occur over distances
of approximately 100 to 200 microns, depending on welding paranj@jers
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1Mo steel and SS309L after post weld heat treatment &C7@010 h, where the Vickers hardness
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The heat treatment response of dissimilar welds betweendeamiti austenitic alloys is
dependent on the specific alloy compositions and the time and temperature of the heat treatment.
As described in Sectio®.1.1, both the driving force for carbon diffusion and the diffusivity of
carbon are affected by spatial dients in chemical compositiofProlonged exposure at high
temperaturegcreasehe carbon diffusion flux and contribute to microstructural coange An
example of the effects of heat treatment time on the hardness distributiaciddradiSS309L on
A508 ferritic steel[15] is shown inFigure 2.11. In the asdeposied condition an increase in
hardness near the fusiondigan be attributed to the formation of martendVhen subjected to a
heat treatment at 60, carbon begins to migrate across the fusion boundary away from the ferritic
steel. After 8 hours, carbetepleted and carbegnriched zones are cleampservedirom the
hardness traces. Also, significanfteaingoccursin both the ferritic and austenitic materials due
to grain growthand the annihilation of dislocations. After 20 hours, carbon depletion and
microstructural softening become more pronounesgrolonged exposure allows more time for

diffusion.
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Figure 2.11. Hardness measurements across a dissimilar clad between A508 low alloy ferritic
steel and a SS309L after post weld heat treatment &09Q5] . Repinted with permission from
Springer Nature.

Like postweld heat treatments, aging of dissimilar welds leads to microstructural evolution
and affects localized amdacroscopiproperties of the weld. In this context, aging refers to a-long
term hat reatment used in laboratory experiments to simulate the microstructural evolution a
material will likely experience during servic&Vhile postweld heat treatments are typically
conducted at high temperatures for hours, aging is performed at rel&ivelytemperatures and
can last from weeks to monthisn example of the effects of agitigne at 500C on the hardness
distribution across a dissimilar weld between a ferritic-8 GMo steel and 21C12Ni stainless
steel[13] is shown inFigure2.12. Like postweld heat treatments, the feritsteel undergoes
significant softening comped to the asvelded condition. On the austenitic side of the weld
interface, a hardness peak is measured after 1000 hours, which corresponds to thenciatemh
zone. krther softening in the ferritic steel and carbon enrichment in the austeniticaadloy
measured after an aging time of 20,000 hodrdike postweld heat treatments, however, aging
experiments allow fowelded materials to undergo important carbide ipretion sequences that

influencelong-term mechanical properties such as ci&aj.

22



& T T T T T T T T T T T T
F ‘ A
T e % as-weld .
Lt S | o & after 1000 h at 500°C |
\ R -&- after 20000 h at 500 °C
< o SRFAPOR -
= \
O Y
E— \ 5
3F \m_ "-‘.k a n
:E B q}'v i * .-ffik\
R Ak-w—wa _¥ev-a
4 B E--EIJf 'y 11‘?1 .......... i
" Te--a-" ; .
3ip 4 .
e e |
| | | | | | 1 | |

i 1 1 | | i i
-80 -60 -40 -20 0 20 40 60 80 100 120 140
Distance from the Weld Interface (pum)

Figure 2.12. The evolution of awelded microhardness in a dissimilar weld between®GMo
ferritic steel and 21GA2Ni austenitic alloy after aging at 500 [13]. Reprinted with permission
from Springer Nature.

Carbon diffusion and the resulting evolution of mitrosture and hardness can deteriorate
the performance of dissimilar welds after priged exposure to high temperature. The depletion
of carbononthe ferritic side of the weld interface results in a locally weak region. Thetéong
mechanical behavioif dissimilar welds can be evaluated by their creep properties when compared
to the poperties of the wrought parent materials. The detrimental effects of carbon diffusion
dissimilar welds are manifested kigure 2.13, which compares the creep strength and time to
rupture of a dissimilar weld between 2.251Mo steel and Alloy 80@solid squarejo a 2.25Cr
1Mo base materigbpencircle) and a 2.25GAMo/2.25Cr1Mo weld(open triangle]39]. Up to
approximately 1000 hours, the dissimilar weld behaves in a similar manner to the reference
materials, as the streme to rupture curve lies betwedre wroughtand welded base material.
However, a sharp drop in the creep performance occunsthis point, and the properties of the
dissimilar weld quickly deteriorate while those of the base and similar weld display consistent
behavior. After about X hours, the dissimilar weld can only accommodate a fraction of the

applied stress for a comasit time to rupturelt is important to note that the results of these
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laboratory are particularly concerning because simple extrapolation to times of appebxirtfat

hours indicate that dissimilar welds can accommodate only small stress levels (~10 MPa)

300
B O Base
250 A Similar weld
] Dissimilar weld
200
‘<
al
=
Q 150
e
@))

100

O N A
Time to rupture [h]

Figure 2.13. A comparison of creep testing results on 2.28@10 steel (Base), a 2.25GMo
steel/2.25C11Mo steel weld (Similar weld), and a 2.250vlo steel/Alloy 800 weld (Dissimilar
weld) Repoduedfrom [39] with permssion from Elsevier

The results irFigure 2.13 indicate that the overall creep rupustrength is affected by
carbon diffusion and the namiform distribution of propertiesHowever time-to-rupture creep
tests do not generally provideformation on the localized deformation in the welded jdtiairly
work [39] to study localized plastic deformation during creegisténtroduced periodicalgpaced
indentations across the weld interface as markers. The distamesehe2ach marker could then
be measured at variotisnes after interrupting testing using optical techniques. An example of
resultsobtained by this techque is shown inFigure 2.14, where the local strain is plotted as a
function of location around the weld interfadeor all times, the strain is highly localized in the
HAZ of the ferritic steel next to the weld interfaddis region experiencesough strain to initiate

and propagate cracks that eventually lead to ruptafieg 1350 hoursThe tendency of dissimilar
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welds between ferritic and austenitic alloys td éai the ferritic side of the weld interface is well

documented and has shown consistency in ref@9t44].

RUPTURED ® 300 h
10+ 1 0604 h
® 1057 h
01350 h

BR
p 5
<
Y
l_
wn
0
FINE  COARSE
2.25Cr—1Mo GRAINED GRAINED
BASE METAL BAINITE BAINITE _ INTERFACE
= ] ] ]
[ 'TTEEECRI' : { :t: INCONEL
REGION, T 1 1 | WELD METAL

"2 4 6 8 10 12 14

DISTANCE, mm

Figure 2.14. The distribution of strain across a dissimilar weld between 2. 2% steel and
Alloy 800H using IN82 filler metal at different times during creep te488¢. Reprinted with
permission from Springer Nature.

More recent techniques for measuring localized plastic deformation have utilized digital
image correlation, which tracks thmotion of individual spots in a speckled pattern of paint
introduced to the sample surface using a digital camera. Subramanigatieded this technique
to measure heterogeneous deformation during creep testing of a dissimilar weld between 2.25Cr
1Mo steel and Alloy 800HPrior to aging, the welds were aged at ®@D@or up to 4000 hours to
simulae a material thdtas been placed in servi€gonsistent withFigure2.14, the plot inFigure
2.15shows that strain is highly localized in the HAZ of the ferritic steel, which is located adjacent

to the wéd fusion zone. Only small amounts of deformation were measured in the austenitic filler

metal and alloy.
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Figure 2.15. The localized creep strameasured by digital image correlatioma dissimilar weld
between 2.25CAMo steel and Alloy 800H aged at 8@0for 4000 hduring an accelerated creep
test at 628C and 50 MPd45]. Reprinted with permission from Elsevier.

2.1.3Summary

The microstructure and property distribus@ctross dissimilawelds between ferritic and
austenitic alloys are highly nemiform, which originatefrom large differences in chemical
compositionover a short distanc&radients in alloying elements lead to a driving force for carbon
diffusion away from the ferriticteel when welds are subjected to high temperatures. Carbon
migration often leads to softening of the ferritic steel duearbon depletion, and it hardens the
austenitic side of the fusion line as a result of carbon enrichment. The gradients in carbon
corcentration across the weld fusion line result in abrupt variations in microhardness, and these
variations can be exacetbd by other effects such as grain coarsening and martensite formation.
After prolonged exposure at high temperatureffergénces in bemical composition and
microstructurdead to noruniform, highly localized deformation when the weld is under static
load, such as in creep testingush of the deformation occurs in the HAZ of the ferritic steel,
which coincides with the soft, carbonplieted, coarsgrained region next to the weld interface.
Consequently, these areas of relatively low strength are dideefo large amounts of
deformation and favorable locations for crack nucleation and growth and ultimately weld failure.
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2.2 Background o functionally graded materials and additive manufacturing

A potential solution for overcominmetallurgicalchallengesassociated with dissimilar
weldsis toeliminate abrupt changes in chemical composition and microstrustusplacing the
welds with functionally graded material8dditive manufacturing is an attractive fabrication
technique for producing functionallyapted materials with tailored compaosition profiles. In this
section, a brief background is given on fuontlly graded materials, additive manufacturing

process, and literature examples of additively manufactured functionally graded materials.

2.2.10verview ofunctionally graded materials

Functionally graded materials (FGMs) are a class of advanced materialspatibl
variations in chemical composition, microstructure, density, or porosity engineered to achieve site
specific properties and enhanced perforoeaj#6]. The costs of manufamting FGMs are
typically higher than conventional materials, making them useful in applications where the
properties of traditional materials are ndegquateA primary goal of FGMs is to eliminate abrupt
changes in properties between two or more masetialt would result from direct joining using
processes such as weldihgcontrast to materials with unintended heterogeneities as the result of
proaessing,the spatial variations ofomposition, structure, or properties KHGMs are fully

intended and agineered to achieve a specific function

The control of the spatial variation of properties in FGMs is highly dependent on the feature
of the materiathat is being graded, as well as the manufacturing method. Inviésefabrication
methods, such as thiilm depositior{47], ultrasonic consolidatioj8], or additivemanufacturing
[49-51], the variation in properties is stgpse and is determined by the thickness of tyer@f
material. In contrast, diffusiehased processes, like diffusion bondis2], can achieveariations
near the atomic scale and can be viewed as macroscopically costiduschematic illustration
of the types of property variation and examples of features that can be graded is shigurein
2.16[51]. Note that FGMs can be manufactured freimgle materialsystemdby controlling site
specific features like grain size and orientatias well as mulimateral systems by gding

composition, phases, or particle density.
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Figure 2.16. Functionally graded materials can have (a) a stepwise or (b) smooth variations in
properties as a function of location. The cbas in propertiegn can result from variations in (c)
composition, (d) grain orientation, (e) secondary phase fraction, (f) grain size, (g) fiber ésmyth
orientation or (h) particle density51] . Reprinted with permission from Elsevier.

A classic example of FGMs used in engineering applications is the carburization of steels.
In the carburization process, iron alloys are subjected to aodledir carbonaceous gas
environment that allows for carbon to diffuse into the alloy. Since tlimbas of steels is directly
related to carbon concentratif#9], the purpose of carburization is to harden the surface of a part
while maintaining the toughness steel underneath. An optical micrograph of a carburized duplex
stainless steel with hardness inderdsshown inFigure 2.17 as an examplg53]. After
carburization, high concentrations of carbon at the serféde steel lead to high hardness, and
the spatial variation in hardness as distance from the surface increases is proportional to the carbon
concentration gradient. The temperature and time of carburization can be controlled to produce
desired hardnessariaions, usually over distances a few millimeters. Many steel gears are

carburized to improve wear resistance without embrittling the alloy.
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Figure 2.17. The variation in hardness of a carburized dupgainiess steel due to a gradient in
carbon concentration, where high hardness corresponds to high carbon conceri&ation

Conventiond methods for manufacturing FGMwary depending on the designed
application, material system, and overall length scale of gradient in propgifieSaseoudbased
techniquessuch as chemical vapor depositi@ne particularly usefulor controlling chemical
composition in thin films and coatinfs4], although the scale of these FGMs is typically limited
to tens of microns. Liquigphase processes like centrifugal casti®®] are capable of
mandacturing bulk compositematerials, although the types of gradients are often limited to
secondary phases or particles. Other godamof manufacturing techniques include thermal spray
[56], directional solidificatior}57], and powder metallurgip8].

2.2.2Types of additive manufacturing processes

For metallic component&M processes generally fall into twoam categories depending
on the delivery method of the feedstock material. A schematic diagram of the different types of
AM processes is shown Figure2.18. Powder bd fusion (PBF) consists of spreading a fine layer
of powder material across a substrate with a recoating blade or roller. The powder feedstock
remains stationary while a heat source is sedralong predefined paths to produce the desired
part in a layety-layer manner. In directed energy deposition (DED) AM, either powder or wire
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feedstock is delivered coaxially with the heat source into a molten pool. In contrast to PBF, the
feedstock devery system moves with the heat source in DED processes. Tyhesto$ources
commonly used include lasers (L), electron beams (EB), plasma arcs (PA) and gas metal arcs
(GMA). A distinction between individual studies will be made by defining the spédfiprocess

and type of heat source. For example, a laser basedpbdtiess is designated as DEDThere

is a wide range of process parameter combinations used in different AM processes that determine

the structure and properties of fabricated components.
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Figure 2.18. Stematic illustration of the different types of AM processes used for fabricating
metallic components, including (a) DHD (b) DED-EB, (c) DEDGMA[59], and (d) PBFL [60] .

The different AM processes are comparedable2.2, which considers typical parameters
usedthe volume of marial deposited, speed of production, and the need foipposessing. In
general, PBF processes are used to fabricate intricate partsghtspatial resolution, while DED
processes are more targeted towards manufacturing at a relatively largekltualegh lasers and
electron beam heat sources can reach speedd®hi/s, the overall production time for PBF is

relatively high due to sall layer thicknesses and beam siZEse heat sources in DED, namely
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electron beams and arcs are designed to ddpage amounts of material to decrease production

time.

Table2.2. A comparison between Apfocesses and their characterist{&d] .

Process DED PBF
Feedstock Powder Wire Powder
Heat source Laser E-beam Electricarc | Laser | E-beam
DED-PA/
Nomenclature DED-L DED-EB DED-GMA PBFL | PBFEB
Power (W) 100 to 3000 | 500 to 2000 | 1000 to 3000 50 to 1000
Speed (mm/s) 5to 20 1to 10 51015 10 to 1000
Max'(;‘/ese)d At | 911010 01t020 | 02t028 ~
Max. build size | 2000 x 1500 x| 2000 x 1500 x| 5000 x 3000
(mm x mm x mm) 750 750 x1000 | °200x280x320
Production time High Medium Low High
Dimensional Intricate
0.5t01.0 1.0to 1.5 features are 0.04t0 0.2
accuracy (mm) .
not possible
Surface roughnes! 410 10 810 15 Negd; 7 10 20
(em) machining
Surface
HIP and T L
surface grinding and | Machining is HIP is rarely
. I machining is | essential to :
Post processing | grinding are ired q final required to remove
seldom required to | produce fina the porosities
: achieve better parts
required L
finish
References [61-66] [67-70] [59, 7173] [74-77]

2.2.3Functionally graded materia in additive manufacturing

Additive manufacturing (AM) technologies offer an attractive way for producing FGMs in
which the chemical compositidi@8, 79] part densityf80], and process parametg¢di] can be
changed to alter the microstructure and propewigshigh levels of spatial resolutioBomeAM
processes armore suitable for varioug/pes of FGMs than others depending on the material
delivery method and intricacy of the designed paktsummary of different types ahetallic
FGMs is given inTable2.3. In most cases, FGMs fabricated by AM can be classifsedither

single material or mukimaterial.

31



2.2.3.1Single material functionally graded materials

A single mateal FGM uses only one type of feedstock for fabricataond thematerial is
not altered during the AM process. In these types of FGMs, process penahke energy input
or scan strategy are varied to manipulate local microstructures. Thé¢ RB& sore DED-L
processesre commonAM technologdes for fabricating single material FGMs because process
parameters can be varigdickly, and relatively higldimensional accuracy can be achieved in
parts.Features such as grain structure, density or porosity caystallographic texture can be
graded using PBE systems, provided prior knowledge correlating process parameters and

material behavior is obtained

A useful, highdemand application for single material FGMs can be found in the medical
industry for poducing prosthetics and implants that are customized for individual patients. An
example ofa titanium hip implant fabricated using DHDs shown inFigure2.19[82]. Gradients
in porosity, which are controlled by varying the scan strategy, are¢asétér the local density of
the athopedic implantThe designed variation in porosity allows for bone growth while providing
load-bearing support. The use of AM to fabricate graded porous structures for biomedical

applications is an active area of irtisciplinary researcf83-86].
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P As-fabricated
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Figure 2.19. Prosthetic hip implants made of titanium fabricated by BIEWvith designed
variations in porosity82] .

32



Table 23. A summary of functionally graded material systems fabricated by additive
manufactiring.

Material system Process Feedstock Heat source Gradient Ref.
Inconel® 718 PBF Powder Laser Grain size [87]
17-4PH SS PBF Powder Laser Magnetism [88]
CoCrMo PBF Powder Laser Porosity [89]
Titanium DED Powder Laser Porosity [82]
Ti-6Al-4V to Invar DED Powder Laser Composition  [90]
Ti-6Al-4V to V to SS304L DED Powder Laser Composition  [91]
V to Invar DED Powder Laser Composition  [92]
TitoV & Tito Mo DED Powder Laser Composition  [93]
SS304L to IN625 DED Powder Laser Composition  [79]
Grade 22 steel to In82 DED Wire Arc Composition  [94]
Grade 22 stel to P87 DED Wire Arc Compaition  [94]
Grace 22 steel to 347H DED Wire Arc Composition  [94]
Pure Ti with N gas DED Powder Laser Composition  [95]
SS316L o Zr DED Powder Laser Composition  [96]
SS410 to Ni to Zr DED Powder Laser Composition  [96]
SS410to Vto Tito Zr DED Powder Laser Composition  [96]
SS410to CutoZ DED Powder Laser Composition  [96]
P21steel to SS316L DED Powder Laser Composition  [97]
Fe-Ni-Cr DED Powder Laser Composition  [98]
Ti to Ti-6Al-4V DED Powder Laser Composition  [99]
Ti-6Al-4V to Mo DED Powder Laser Composition [100]
Ti-6Al-4V to IN718 DED Powder Laser Composition [101]
SS410 to SS316L DED Powder Laser Composition [102]

Popovichet al.[87] have dempstrated that single matatiFGMs can also be useful for
applications involving high temperature structural materiglgure 2.20 shows an electron
backscatter diffraction image of the grairusture of an Inconel® 718 part fatated by PBA-

in which specific locatios have distinct differences in grain size and orientation. The grain
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structure was manipulated by adjusting laser power, scanning speed, hatch spacing, beam
diameter, and layerittkness, all of which affect the rten pool geometry, heat transfer and fluid

flow, solidification parameters, and grain nucleation and gr¢®@h Fineequiaxedjrain regions

were achieved using low laser powers and fast scanning speeds, while the opposite was used for
large, textured columnar grains. The differences in grain structure wewnen sb cause non

uniform strain diributions during tensile testing, which can be most easily described by the Hall
Petch relationi21, 22}

BD

Zone 1: 250 W Zone 2: 950 W
Fine grain Coarse grain

Zone 3: 250 W
Fine grain

S e

=2000 pm; Map6; Step = 5 um; Grid1849x129

Figure 2.20. A gradient in grain structuer and orientation was fabricated by Popovich e{&f]
by changng the laser power in selected regioofsan Inconel® 718 part fabricated by PRBFas
shown by the electron backscatter diffraction image.

2.2.3.2Multi-material functionally graded ntarials

The most common AM process for tailoring compositicadignts is DEEL using powder
feedstockThe flow rates of different alloy powdecan be adjusted such that volume fractions of
each feedstock enterirtge molten pooyield desired chemicaloenposition variation$103]. A
schematic diagram of the process is showrigure 2.21, which represents a hypothetical
composition gradient between Ally s 6 A 6 [10d]nlnl moét Bases, FGMs such as the one
depicted inFigure 2.21 gradecomposition along the build direction in a laymrlayer manner.
Therefore, the variations in chemical composition generally correspond to roughly the layer

thickness, which can range from hundreds of mietormillimeters for DED processes.

Many different material systems have been used to fabricated FGMs using ANMalaled
2.3 shows a summary of previous wokkhen degning a deposition plan for compositionally
graded alloys, the physical properties of the material systeouddsbe carefully considered. Since
maintaining a roughly constant molten pool volume during fabrication is a good strategy for

controlling builddimensions, the material density of each material plays a crucial role in the design

34



of FGMs. When two mateaals with similar density are to be used in a FGkanges in the mass
fraction of each powder entering the molten will not significantly changmtiten pool volume

as long as the overallass entering the pool remains constant. Therefioass fractionare often
used to controthe gradients of material systems involving iron and nickel alloys, which have
similar densities (~To 8 g/cn?). In cortrast, volume fractions are used to control the koyer
layer material variations for alloys with signifiaggndifferent densities, such as FGMs involving
titanium (~4 g/cm) and nickel alloys, for exampléncrements of weight or volume fractions for
FGMs fabricated by DE. have been reported ranging from 3 to 5(0q%, 90, 105]

Laser Beam Nozzles
PowderA A\l "~ Powder B
Gradient \\ e - Melt Pool
component

Substrate

Figure 2.21. Schematic description of a DED processes used for the fabrication of a
compositionally graded alloy where powders of Alloy A and B are blown into a melt pool at
different feed rags along the build heigiht04]. Reprinted with permission from Elsevier.

The types of materials used in metafiGMs often determine the gradient in the property
distribution. While macroscopically smooth gradients in chemical composition are often achieved,
both smooth and abrupt changes in properties, namely hardness,eeavesported, and two
examples are sk inFigure2.22. In a FGM between SS304L and Inconel® 29|, the change

in microhardness across the gradient roughly follows aafdirixtures type relatio between the
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hardness of each end member alloy. In contrast, abrupt variations in microhardnesporézd

in a FGM between T6Al-4V and Invar 3g90], although the change in chemical composition
was largely monotonic. The microhardnessiatéons could be attributed to the changes in
microstructure. The FGM between SS304L and Inconel®l&2jely consisted of a single solid
solution strengthened matrix phase while heterogeneous distributions of different brittle

intermetallic compounds wercharacterized in the -BiAl-4V to Invar 36 material system.
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Figure2.22. The composition and hardness variations as a function of distance from the baseplate
in FGMs fabricated by DER. for (a) SS304L ténconel® 62579] and (b) Ti6A-4V to Invar
[90]. Reprinted with permission from Elsevier.

2.3 Factors affecting propertiesof additively manufactured materials

The properties ancesviceability of additively manufactured components depend on their
chemicalcomposition, microstructure, properties and defects. Literature data on some mechanical
properties such as the yield stg¢h of additively manufactured components often show significant
scatter that can mostly be attributed to the presence of intereatsldh contrast, microhardness
data are largely unaffected by internal defects. Hardness is one of the most comstedly te
mechanical properties because measurements are quick, relatively inexpensive and provide insight
to other propertiesuch as yieldstrength[106] and wear resistand&07]. As a result, hardness
measurements indicate the true effect of microstructural features suchpassttiece of various
phases, precipitate particles, average grain size, and alloy compo#itioough extensive
research has been undertaken by many investigators, the data on properties such as hardness from

individual publications are often fragmented.
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In this sectioh the role ofmetallurgical variables likeooling rate, microstructuyalloy
composition and posprocessing heat treatmerts the hardness ohultiple alloy components
fabricated byAM are examinedThe data reviewed allofer the rde of AM process variants on
the microstructure and component hardness pricogogrocessing heat treatment tekaminel.

In many papers, hardness values are reported without any microstructural characterization
precluding any direct correlation betaemicrostructure and hardness. In those cases, selection of
an effective compositional variable allows examination of the role of important alloying elements
on hardness. While such correlations cannot take advantage of the decades of researclgcorrelatin
microstructure with properties, they reveal several immensely useful insights. Furthermore, the
findings discussed are useful to determine if a target hardness is attainable either by adjusting AM
process variables or selection of an appropriate allayposition.Finally, they serve as a basis

for alloy selection for attaining a target hardness of a component fabricated by AM.

2.3.1Influence of process variables

2.3.1.FEnerqy input

The thermal histories during AMary both spatially and temporallyTemperature
measuements are limited tspecificlocations within the substrate when thermocouples are used
and the surface of the molten pool when infrared imaging is used. Therefore, it is often difficult to
represent theooling rates and thermal histories of #rire AM processwith a single valueAn
approximate alternative is to compare studies based on the amount of energy is delivered to the

deposit in the form of a linear heat inf&0],
5
o — (2.8)
0

whereP is the power of the heat source in Watts argithe scaning speed in mm/s. While more
complex expressions for energy input exist in the literature, they often contain more process

variables for the calculation, the details of which are not always egport

Austenitic stainless steels, such as SS 304L and 316L, and titanium a@éy-4V have
received much attention in the AM literatuf@gure 2.23 shows theeported Vickers hardness
[108-116]for austenitic stainless steels SS 316, SS 316L and SSa30&tunction of lingaheat

!Portions of thissectiowe r e reproduced from J.S. Zuback and T. DebRo
al | ovatsrials 11 (2018) 2070, ddi0.3390/mal11112070.
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input. Generally, a higher heat input results in large molten pools, higher peak temperatures and
slower cooling rates. It is expected that hardness will decrease with increases in linear heat input
due to more heat accumutati larger grain sizeand microstructural coarsening. glight
downward trend is observedhimgure2.23when all data is collected and plotted together. It should
benoted that the scatter in the data can be caused by differences in equipment &kt tiom
independent researchers. However, it is interesting to note the differences with slight changes in
chemical compositionbetween SS316 and SS316lAlthough each stainless steel is
microstructurally similar, noticeable changes in microhardnessobserveddue to slight

variations in carbon concentration
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Figure 2.23. Hardness measurements for austenitic stainless steels deposited by AM as a function
of linear heat inpuf108-116].

In a similar manner, average hardness valG8s117127] are plotted as a function of
linear heat input for Fbase alloys irfFigure2.24. Small values ofinear heat input typically are
found in powder bed processes where low powers and highisgapeeds are used. In contrast,
DED and wirebased AM processes tend to use higher powers and lower scanning speeds,

contributing to higher linear heat inpu@bserve microstructures of T6Al-4V builds depend on
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the process used and process variables resulting in different coolingAlttiesigh there have
been individual studies that show decreases in hardness with increases in linear héat anput
singleproces, no observable trend can be seen when all data is combloeever, the highest
values are recorded for low linear heat inputs, which correspond to powder bed processes.
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Figure 2.24. Vickers hardness a& function of linear heat input for titanium alloys where solid
black dots correspond to-BAI-4V and open points are marked otherwg@, 117127].

The use of linear heat input as a process variable had@s used in many studies to
determine part density or residual porosity. It is generally accepted that an increase in the density
of an AM component will effectively increase hardness measurements. Indeed, multiple
investigationd115, 125, 128, 12%ave reported positive correlations between part density and
hardness. However, it is important to note that most of these studiesnaggxaof experiments
where multiple process parameters are varied to optimizedpasity by reducing porosity.
Changing process parameters that affect important metallurgical variables like cooling rates and
molten pool geometry will often lead to clggs in microhardness regardless of residual porosity.

In fact, studies that contradithe correlation between part density and microhardness have also
been reportefil17, 130] For example, Thijs et gl130] showed no apparent trend between part
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density and microhardness. After RBFof Ti-6Al-4V for a constant linear heat input of 0.21
Jmm, a sample with 99.6% density exhibited a Vickers hardness of 409 HV whilesao¥dlR6

HV was measured for a sample with approximately 96% density. These changes in microhardness
were caused by a difference in hatch spacing that ultimately affegliagoates and resulting
microstructure.

The heat input for a given set of procesaditions can be linked to the cooling rate. Larger
heat inputs generally result in slower cooling rates due to the large molten pool sizes and higher
peak temperatures. Mherjee et al[131] used a 3D heat transfer and fluid flow model to show
that the computed cooling rates haveiraverse relationship with a dimensionless heat input, i.e.
low heat inputs yieldigh cooling rates and vice versa. The dimensionless parameter is similar to
Equation(2.8) and was defined aQ*=(P/v)/(Pr/Vr) where P and v are the laser power and
scanning speed, respectively. The tePasandvr represent the ference power and scanning
speed taken to be the #®that give the lowest heat input for the analyzed data set, m@king
always greater than unity. The computed cooling rates were validated with experimental data from
Amine et al.[132] for the multilayer DEBL of SS316L as shown ifrigure 2.25(a). The
calculations were then further extended to show the relationship between heat input and cooling
rates for other common AM alloys Figure 2.25(b) under typical pocessing conditions. For all

cases, similar downward trends of doglrates are observed for higher mtimensional heat

inputs.
5000 2800
F 00 Computed C —8—SS 316
F O Amine et al. 2500 F —&—Ti-6A1-4V
© 4000} ® ’ —A—IN 718
2 19 > 2200F
2 i 3 :
£ 3000 & S 1900
50 [ B8 50 8
= : O £ 1600
8 2000fF g | 8 :
© [ O 1300F
- (a) - (b)
1000 PO TR SR T TS TR TR NS SN S 1 1000 T o s Yl ek Ve e Wl B o Ny R B Ty M
0.8 1.2 1.6 2.0 0.8 10 12 14 1.6
Non-dimensional heat input Non-dimensional heat input

40



Figure 2.25. The relationship between computed cooling rates and a dinmessoheat input
parameter for the DEE. of (a) SS316L validated fno experimental datfl32] and (b) common
AM alloys under typical processmditions[131].

2.3.1.2Cooling rates

In conventional metals processing, desired microstructures and properties iavedich
through precise control of cooling rates and subsequent heat treatftentsontrolled cooling
rates of bulk materials are approximately spatially uniform and leadepeatability in
microstructure and properties for an alloy of a given chemicaposition. For this reason, useful
correlations can be developed that directly relate the microhardness of an alloy to cooling rate.
Figure2.26 (a)-(c) showssuch relationships between hardness and cooling rates for collected data
on steeld133-138], aluminum alloyg§139-143] and nickel alloyd144-148] in which plates or
bars are cooltat controllable rats. The logarithmic scale on the horizontal axis shows that the
cooling rates cover multiple orders of magnitudes. For each of the alloy classes, similar symbols
indicate alloys of the same composition. Moving from left to right an glot for a single
composition indicates a change in hardness for an alloy due to an increasing cooling rate whereas
moving vertically along the plot for any given cooling rate compares hardness changes due to a
change in composition for alloys of the saplass. Also, hardss values tend to plateau at high
cooling rates for all alloy systems considered.

FromFigure2.26 (a)-(c), it is observed that hardness differemoesulting from changes in
cooling rates are greatly outweighed by those when congpalloys in the same class with
different compositions. This trend is further supportedrigyire2.27 which shows hardness data
for Jominy end quench samples for various grades of[84@]. In Figure2.27(a), a comparison
is made between different types of alloy steels with similar cadmmcentrations. Similarly,
Figure2.27(b) compares 8600 seristeels, having small amounts of Ni, Cr, and Mo, with varying
carbon contents. In both figures, changes in hardness due to both differences in chemical
composition andcooling rates is substantial. Furthermore, increases in carbon concentration
representeth Figure2.27(b) can result in significant increases in hardness, regardless of cooling

rate.
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Figure 2.27. Hardness data for Jominy end quench experiments for (a) various steels with similar
carbon concentrations ah(b) 8600 series steels (0.55Ni, 0.50Cr, 0.20Mo) with varying carbon
concentrationg149].

The thermal histories in AM involve multiple cycles of rapid heating and cooling and can
span multiple orders of magnitude depending on the process and temperature range at which the
cooling rate refers tdrigure 2.28 shows nurarically computed temperature cycles from a heat
transfer and fluid flow model during DED of SS316L for a single track, nine layer dep{k#O].
Monitoring locations were selected at the midpoint in the length and width directions for selected
layers. Clearly, cooling rates vary diiaally both as a function of time and location within a build.

For this reason, cooling rates are difficult to wfifg for multi-pass, multlayered AM parts that

experience repeated heating and cooling and can make microstructural analyses convoluted.
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Figure 2.28. Computed thermal histories at the mhohgth and mieheights of selected layers
during a single pass, nine layer simulation of DEDf SS316150].

Both experimental and computational efforts have been undertaken for siMlailds
consisting of single passes and few layers to understand the relationship between cooling rates and
microhardness for austenitic stainless steels. During the-DBDSS316L[151], it was shown
experimentally that the average cooling rates ranged frof622°C/s for diffeent processing
conditions. The corresponding Vickers hardness values measured were approximately 150 HV for
the slavest cooling rate and 368 HV for the highest cooling rate. Although it is unclear of the
temperature range at which the cooling rate wasageet, the high hardness value was attributed
to the formation of martensite. Manvatkar e{#b2] combined a numerical heat transfer and fluid
flow model with experiments to correlate cooling rates to microhardoessdingle pass, three
layer DEDL deposition of SS316. The calculated cooling rates, defined as the average cooling
rate through the solification temperature range, varied from approximately 7000 °C/s in the first
layer to 3000 °C/s. The resulting mas=d hardness values were approximately 230 and 210 HV

for the first and third layers, respectively.

Another important process variable timbften overlooked when developing correlations
is the geometry of the deposited part. The thermal history atlatnary location within a build

44



will depend on the melting and solidification of material around that location. Also, the heat
transfer coditions that govern the temperature history can change as different part geometries are
used. Although no simple iversal expressions exist to quantify the effects of geometry, a
systematic study by Keist and Palrf&2, 153]investigated the effects of geometry on mechanical
properties of H6AI-4V fabricated by PBF and DED using both laser and electron beam sources.
When comparing measurements between thin and thislkaped wallsthe Vickers hardness

numbers of single pass walls were significantly lower than the hardness epdss @alls.

In geometries consisting of simple shapes, the hardness variations can easily be correlated
with location in a build by taking multiple cse sections. In general terms, heat accumulates in a
build with an increase in process time. As the build heigineases further away from the substrate
material, the heat transfer is directed through previously deposited layer which usually results in
slower cooling rates. Extended times at elevated temperatures for alloys that are not precipitation
hardenable causecoarsening of microstructural features, relaxation of residual stresses, and
dislocation motion and annihilation. As a result, hardnesssunements tend to be lower at
locations further away from the substrate (increasing build height) and higheasrchose to the
substrateFigure2.29 shows cross sections with different orientations with respect to the build fo
a single pass wall of IN718 processed with BEDIrhe most obvious changes in microhardness
occur in the Zdirecion as shown ifrigure2.29(a) and (bwhich correspond to the build direction.
No significant differences were adased in the Xand Y-directions as observed kigure2.29 (b)
and (c) Since IN718 is a precipitatiegmardened alloy, appreciable changes in hardness at different
locations in the build were attributed to aging dupngcessing154]. Regions near the baseplat

experiened more time at high temperatures leading to enhanced precipitation.
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Figure 2.29. Hardness variations as a function of location within a BEBingle pass, multilayer
build of IN718[154] showing (a) a longitudinal cross section-D{lane), (b) arfansverse cross
section (YZ plane), and (c) a horizontal cross sectiorY(Xlane) where X is the travel direction,
Y is the trackvidth direction, and Z is the build direction.

2.3.2Effects of microstructure

As-deposited microstructures of alloy componenisitated by AM are direct products of
the thermal histories experienced during heating, melting, solidification, and cooling.
Microstructure evolution depends on alloy composition and some alloys undergo important phase
transformations that can impact theperties and performance of AM parfable2.4 shows a
collection of process conditions for stefld, 155162], aluminum[163-171], and nickelalloys
[129, 172188] that have been fabated by AM. Correspondinglylable 2.5 shows the phases
and hardness values reported for the same alloykis section, the influence of migtuctures

on the hardness of AM alloys is discussed below for various types of alloys.
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Table2.4. Processparameterdor iron, aluminum and nickellloys

Iron alloys Nickel alloys
Allo AProcess APower  Scanning Ref Allo *Proce  APower Scanning o ¢
y [W]  speed [mm/: ' y [W] speed [mm/s '
H13 EBM (20 mA) 500 [155] IN718  SLM 200 8001200 [172]
4340 DMD 500 7.5 [156] IN718 DMD 750 6.25 [173]
18Ni300 SLM 86-100 180220 [157] IN718 SLM 110130 400600 [129]
H13 DMD 1000140C 10.519.0 [158] | Rene 142 EBM Not reported Not reported[174]
H13 DMD 2500 5 [159] | Colmonoy 6 LRM 2500 4.2 [176]
3D (1416 V IN625 LRM 10001500 5.013 [175]
ER70S6 ' 5.23 160
GMAW  6576A) [160] Rene 142 LC 550 Not reported [177]
M2 steel DMLS 200 50-175 [161] |Nimonic 263 SLM 200 100 [178]
Tool stee SLM 75175 300450 [162] IN718 SLM 170 417 [179]
420SS  DMLS 283317 6001000 [74] |Experimenta SLM 1000 2 [180]
Aluminum alloys IN718 SLM 3000 Not reported [181]
Al 2139 EBF 1350 8.47 [163] IN939 SLM 400 540620 [182]
A'SEOM SLM 195 800 [164] IN718  SMD  (220A) 5 [183]
Al-12Si Pulsed SLM 5004500 1.53.0 [165] | Rene4l LMD 45005000 5.005.83 [184]
Al-12Si SLM 200 37-2000 [166] Rene 80 SLE 1000 ~100 [185]
AISIIOM g 200 318 [167] | HastelloyX SLM 165195  Not reported[186]
9
AlSEOM SLM 200 Not reportec [168] | Hastelloy X SLM Not reported Not reported[186]
AlSEOM DMLS 120 900 [169] IN718 SLM Not reported Not reported[187]
Al-12Si SLS 100200 80-200 [170] Ni60A LMDS Not reported Not reported[188]
Al 2024 SLM 200 83-333 [171]

*EBM = Electron beam melting, DMD = Direct metal deposition, SLM = Selective laser meltinGMBAW = Gas
metal arc welding 3D printing, DMLS = Direct metal laser sinteriBBF® = Electron beam freeform fabrication,
DMLS = Direct metal laser sinterin@LS = Selective laser sinterindRM = Laser Rapid Manufacturing, LC = Laser
Cladding, SMD = Shaped Metal Deposition, LMD = Laser Metal Deposition

AV a | paeesthesisrsignify processes where it is more commeepbrt the voltage and current
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Table2.5. Process and resulting adeposited microstructurdsr iron, aluminum and nickellloys

Alloy Process Phases HV Ref.
H13 EBM Martensite ¥498.5 + 14.£[155]
4340 DMD Ferrite,Martensite, Cementite 580.5 + 100.![156]
18Ni300 )
. SLM Not reported ¥323.5 + 21.5[157]
Maraging stee

% H13 DMD Not reported 550 £ 30 [158]
fzg H13 DMD Fine martensite, retained austenite, fine carbides 615+ 35 [159]
IS ER70S6 3D-GMAW Polygonal ferrite, acicular ferrite 184 +15 [160]
M2 steel DMLS Martentsite, austetd, fine carbides 800 £ 100 [161]

FeCrMoVC
SLM Fine martensite, austenite, bates 900+12 [162]

tool steel
420 SS DMLS Martensite, little retained austenite V478 + 20 [74]
Al 2139 EBF Not reported 81-103 [163]
AISi1l0Mg SLM FCC dendritesinterdendritic eutectic 131-141 [164]
% Al-12Si  Pulsed SLV FCCdendrites, small eutectic phases 130140 [165]
T Al-12Si SLM FCCAI matrix, nanosized Si pregitates 107-115 [166]
% AlSil0Mg SLM FCC 114 [167]
k= AISi1l0Mg SLM FCC, fine Si precipitates 127 [168]
§ AlSil0Mg DMLS FCC 103111 [169]
Al-12Si SLS FCCAI-Si matrix 99113 [170]
Al 2024 SLM FCC 104118 [171]
IN718 SLM FCGo , el lipsoidal Ni 3 387398 [172]
IN718 DMD FCCo 255 [173]
IN718 SLM FCGo , f pratipitateso 331.9395.8 [129]
Rene 142 EBM FCGo , cuboi dal 20 pr 428.1 [174]
Colmonoy 6 LRM FCGo , interdendri ti« 700800 [176]
IN625 LRM FCCo ¥474.9574.1 [175]
Rene 142 LC Not reported 410460 [177]
o Nimonic 263 SLM 2, ¢ siinimterdénalritic regions 300 [178]
S IN718 SLM FCCo 340380 [179]
g Experimental SLM Not reported 650-800 [180]
S IN718 SLM FCCo 400450 [181]
< IN939 SLM FCGo 450  [182]
IN718 SMD FCGo , i nt er ddegiLdves t i c 245287 [183]
Rene 41 LMD FCGo , MC car bi des 418.1:435.1 [184]
Rene 80 SLE FCGo , fine carbides/ 489.8 [185]
Hastelloy X SLM FCCo 276.9284.9 [186]
Hastelloy X SLM FCCo 273.2281.0 [186]
IN718 SLM FCCo 410.8430.2 [187]
Ni60A LMDS FCCo ¥631.1:762.9 [188]
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2.3.2.1lron based alloys

Due to the high costs of AM compared to conventional casting and forging processes, the
use of plain carbon andvoalloy steels have not found significant usage for AM applications
outside of a few studigd89, 190] Mary of the steels used in AM have been tools stdél$-

197], studied for specialized repair applications in which high strength and wear resistance is
crucial. Tools steels such as M2 and H13 obtain high strengthsaadness due to their propensity

to form martensite even at relatively low cooling rates. Additionatigse alloys contain high
amounts of carbon which promote the formation of carbides and increase strength and hardness.
Typical microstructures of @ steels processed by AM include a martensitic matrix with some
carbide precipitation and retained aundie [192, 197] After deposition of tool steels, heat
treatment is desirabl® increase ductility and toughness. A tempered martensitic microstructure

with carbide precipitates results from extended times attbigperaturefl94].

Austenitic stainless steels, such as SS304L and SS316L exhibit predominantly austenitic
microstructue consisting of cells and columnar dendrites, depending on the type of AM technique
and the process parametefsgure 2.30 shows an SEM micrograph of the typical cohan
dendritic morphology of the austenitic grains encountered for SS316L fabricated usiny. DED
Although austenitic stainless steels are dominated by an austenitic matrix, small amounts of delta
ferrite can form as a result of thermal cycles and micregggion. High cooling rates during
solidification favor austenite whereas lower cooling rates tend to yield increasing amounts of delta
ferrite[198]. In PBF processes, afisee | | ul ar sol i di fication struct
observed. As austenitic stainless steels often do not precipitate secondary phases or undergo other
solid-state transformations, the stgéin and hardness depend on the fineness of the sithh

structure and chemical composition.
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Figure 2.30. Columnar dendritic microstructure of SS316L deposited by DEDLG].

Figure2.31 shows a collection of measured HV as a function of secondary dendrite arm
spacing (SDAS) for the atenitic stainless steels SS316 and SS316L processed by Diidh
alloys typically exhibit large austenitic columnar grains with a dendritic substructureughh
these alloys are chemically similar, SM/316L
SS316 (00.08 wt% C) to help improve weldabili:
composition has pronounced effects on microhardness for gotighlsame size SDAS with
measurements for SS316, although limited, having a hardness of He@iy higher than those
of SS316L. The same effect was observe#&igure 2.23. Therefore, it is important to perform
detailed chemical composition analyses when studying the effects of microstructure on properties

as small fluatations in concentration of carbon camdiigantly affect hardness.
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Figure 2.31. Vickers microhardness as a function of secondary arms spacing for stainless steels
fabricated by AM fronj108, 116, 132, 199, 200Error bars represent the standard deviation in
measurements.

Precipitation hardened (PH) stainless steels have received considered attention in the AM
community with the most commonly processed alloys dgei#4PH and 15PH. Nominal
compositions for the PH grade stainless steels typically promote the formatiantehsite during
rapid cooling. Subsequent solutionizing and aging allows feri€dunanoparticles to precipitate
in a tempered martensite matwhich determine the final properties. However, microstructures
ranging from austenitic/martensitic to primgrimartensitic have been reported in the AM
literature depending on the atomization condition of the powder feedstock and the type of shielding
gas used. Multiple investigatiofia01, 202]have shown that when Aatomized 174PH stainless
steel was processed under an Ar atomosphere, a primarily martensitic structure was obtained.
However, when nitrogen, aastenitestabilizing element, was used as a processing gas to melt
nitrogen atomized powders, a mixture of primarily austenite and martensite was observed. In the

asdeposited conditions, substantial differences in microhardness in the two extremmsa®ndit
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were measured, as the samples with more austenite exhibited a hardness slightly over 200 HV and

the martensitic samples had a hardness slightly less than 4(Z0RV

The microstructure evolution during solutionizing and aging is highly dependent on the as
deposited microstructure. Standard solution heat treatmeigisadly developed for wrought
alloys may not be applicable due to the heterogeneous microstructures encountered in AM parts.
For example, Cheruvathur et §03] found that the Vickers hardness of solutionizee4PH
grade stainless steel was 312 + 17 HV compared to a value of 258 + 8 fordbpoaged
condition. Although 17PH is classified asa martensitic stainless steel, a mixture of
approximately 50% martensite and 50% retained austenite was found irdgq@oaged condition
with small amounts of NbC. After solutionizing and subsequent air cooling, less retained austenite

was found in thenicrostructure, which was attributed to the increase in hardness.

2.3.2.2Aluminum alloys

The aluminum alloys most commonly used in AM processes contain large amounts of Si
which promote eutectic solidification. The lower melting point of eutectiSifdlloys, sich as
Al-12Si and AISi1l0Mg, are easier to process via tassed AM processes compared to other
aluminum alloys due to the low absorptivity of Al over a wide range of wavelergtihminum
alloys generally exhibit aellular ordendritic microstructureongsting of a face centered cubic
Al-matrix with fine Sirich phasesn the asdeposited condition when processed by .ARdr
exampleFigure2.32shows cubigilicon phase in a fine cellular/dendritic structure within the face
certered cubic aluminum matrix of AlISilOMg after selective laser melik@g]. Eutectic
formation was found to form at the triple points of the cellular/dendtitictire.Althoughcells
and dendrites predominate in much of the lite partial equiaxed microstructurfZ05] can be

observed as shown Figure2.33 depending on the solidification @amneters.
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showing a fine cellular/dendritic structure with small amounts of eutfzi4] .

As precipitation hardenable aluminum alloys rely on aging heatrtezds to achieve
enhanced properties, the high strengths and hardness observddhricased alloys stem from
the fine solidification structure. Although there is sparse data #atgd over multiple aluminum
alloy systemskFigure 2.34 shows a collection of HV values plotted as a function of SEra®
AM. Selected data from directionally solidified aluminum alloys3@lu, AF1Ti, and AF3Si[206]
is shown for comparison. A combination of high cooling ratessagrficart amounts of alloying
elements, namely Si, lead to fine secondary dendrite arm spacing and high hardness in the alloys
processed by AM. However, any attempts to link microstructure to properties should be limited to
single compositions ariEigure2.34 merely shows a collection of data to demonstrate the fineness
of AM microstructures in comparison to other processes. Any significant deviations in chemical

composition thaaffect solidification requires separate analysis.
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Figure 2.33. Microstructure of laser deposited Al 4047 showing dendritic and equiaxed structures
at different locations within the same lay205].

Althoughhigh strengths and hardness have been obtained after the AM of aluminum alloys,
asdeposited components typically suffer from poor ductility. Investigations into the effects of
postprocess hdadareatments on the mechanical properties of AlSi10Mg procéssB8FL have
resulted in interesting conclusions. Results from Aboulkhair ef2@lf] showed that when
applying standard T6 heat treatments (solutionizing + artificial aginggradus solutionization
times, the Vickers hardness of heatted samples (between¥80 HV) was always less than the
hardness in the ateposited condition (~110 HV). Although Li et $08] reported simir
findings, their results showed that the hardness after solutionizing was, in fact, greater than the
hardness after artificial aging. After microstructural examination, it was found thairt®ilgs
formed during solutionization and subsequent artifi@ging coarsened the particles to an extent
similar to overaging in commonly processed aluminum alloys. However, Kempen[209.
achieved about a 12% increase from thelgosited hardness (136 + 9 to 152 + 5 HV) nvhe
directly applying an artificial aging heat without a soluizomg step.
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Figure 2.34. Vickers microhardness as a function of secondary arms spacing for aluminum alloys

fabricated by AM fromil65, 205, 210, 211hnd selected data for directional solidification of Al
3Si from Kaya et a[206]. Error bars represent the standard deviation in measurements.

The use of HIP as a pegtocessing technique has found widespread use across many
different alloys systems used AM. In most cases, a dramatic effect can be observed when
comparing the hardness of@dsposited and postlP conditions. During the PBE of AlSi10Mg
[212], subsequent HIP treatment resulted in a hardness value (60 = 5 HV) more than half of that
of the asdeposited conditin (125 + 5 HV) due to significant microstructural coarsening and stress
relief. Similarly, Tradowsky et aJ213] found that for machined AlSi10Mg samples fabricated by
PBFL, yield strength decreased by more than 60% aftergosess HIP. However, the loss of
strength was compensated by a substantial increase in percent elongation from approximately 5%

in the asdeposited condition to about 21% after HIP.

2.3.2.3Nickel alloys

Nickel alloys are some of the most complex allogsd in AM applications due to the large

amounts of alloying elements that can result in various types of secondary phase precipitation
which ultimately affect mechanical properties. Thedaposited microstructure of nickel alloys

are highly dependent on thermal histories and chemical composkigare 2.35 shows
microhardness as a function of SDAS for the DEDf IN625, IN718 and Waspaloy. In the case
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of IN625, data points are confined to a rather tight grouping with an average microhardness and
SDAS of approximately 250 and sl i ght | y ettieely.sAlthbughalN6254is ¢ m,
generally classified as a solid solution strengthened alloy, secondary phases often form in both
welding and AM due to significant microsegregation. However, these secondary phases (Laves,
MC carbide) often form upon solidificain and appreciable nucleation and growth in the solid

state during AM processing is uncommon.
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Figure 2.35. Vickers microhardness as a function of secondary arms sp&mingckel alloys
fabricated by AMfrom [200, 214218]. Error bars represent the standard deviation in
measurements.
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In the case of IN718, the highest HV valued-igure 2.35 correspond t@ postprocess
heat treatment where the lower values were measured intlepasited state. It is clear from this
comparison that the changes in hardness due to SDAS is negligible when compared to the effects
of precipitation hardening. latestingly inthe case of the Waspaloy data, a positive correlation is
observed between HV and SDAS. At first, this may seem counterintuitive, however the increases
in SDAS were a result of deposits with different layer numbers with a higher number rsf laye
corresponohg to higher SDAS. As more heat was accumulated in the build and cooling rates

decreased, mi crostructur al coarsening occurre
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precipitates. Therefore, the observed hardness is contributedhothbatoarsang as well as the

precipitation of 006 phase.

The asdeposited microstructures in AM alloys vary drastically from those of wrought
counterparts for which standard heat treatments were developed. Consequently, large amounts of
elemental segregion often dserved in AM parts are expected to contribute to heat treatment
responses that vary significantly from those of wrought parts. Zhand2t%jlshowed that after
just five minutes at the manufacturer recommended stress relief temperature (870°C), IN625
processed by PBE began to nucleate amptow deleterd u sphageFigure2.36 shows the time
evolution of the needishaped precipitates during stresBeving. For comparison, an isothermal
transformation hgram for wrought IN62%220] does not predict the formatin  -@Hase wntil
approximately 10 hours at 870°C. The presence and miogphof intermetallic phases such as
those shown ifrigure2.36 act as stress concentratarsd can be detrimental to the ductility and
toughness of materials. Instances such as these may prompt the need for developing stdndard he

treatments specially designed for AM materials to avoid undesirable microstructural evolution.
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Vilaro et al. [178] reported hardness incss during 8h stress relief heat treatments of
PBFL Nimonic 263 up to approximately 800°C. Even though the residual stresses present in the

asdepogted condition were greatly reduced at 600°C, a slight increase in microhardness was

observed. It was praged that the high density dislocation structure was unable to restore due to
( < 11® motiom )at these

temperatures which, along with the precipitation M23C6 carbides, increased hardnassadt w

the pres

unt il a

ence of

heat treat ment

very

smal |

dissolvedand the dislocation density was reduced.

above

t he

20

part

sol vus

Although IN718 is a nickel alloy, other elements like Al, Cr, Fe, Mo, Nb, and Ti constitute

nearly hal o f

the alloy

mass which aid

n

t he

Although slight variations in time and temperatures have been useehrposssing of IN718

components fabricated by AM generally follow standard heat treatments ingkalutionization
at 980°C for 1 h followed double aging at 720°C for 8h and 620°C for 8h. Tharubxhisker
plot in Figure2.37 shows a collection of literature data for the hardness of IN718 parts at various

stages of pogprocessing after AM fabrication. Individual pointskigure2.37 repregnt outlying

data. Clearly, significant advantages are gained inasiess heat treating to achieve properties

that are otherwise unattainable indepositegarts.
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Figure 2.37. Box and whisker plot smong the variation in Vickers hardness of IN718 parts
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fabricated by DEDBL [181, 221224], PBFL [129, 225231], and PBFEB [232, 233] AM and
subjectedo various post process heat treatments.
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An effort was undertaken by Sames et[2B4] to circumvent posprocessig of IN718
while still achieving pealaging properties. Amn-situ heating méod was used on a PHEB
system where the build was consistently held at high temperatures to promote aging. A comparison
of the Vickers hardness measured afterithgitu hed treatment and under fast and slow cooling
is shown inFigure2.38. Although the measurements showed that optimal hardness values were
attainable, further tensile testing revealed significantly lower strength and elongatiooritrah c
specimens due to the presence elongated cracks. In another study, Schw§k3b} ased a
similar in-situ heating method to enhance the properties 65563 during PBFR through
substrate heating. About 8% increase in Vickers hardness was achieved and higher compressive

strength was measured &rhcomparing the heat treated deposit to the samples with no substrate

heating.
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Figure 2.38. Measured Vickers haraess during PBHEB of IN718 subjected to different cooling
cycles andn-situ heat treatmenf234].

Khayat and Palmd@18] found for multiple IN625 feedstocks with varying iron contents
fabricated by DEEL that HIP resulted in a Vickers hardness roughly 40 HV lower than the as
deposited material. Although the volume fraction of secondary phases increased durng post
processig, which normally contribute to increased hardening, it is likely that the observatsn w
outweighed by other factors like decreased dislocation density and elimination of the fine dendritic

structure.
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2.3.2.4Titanium alloys

The combination of high strengthcatow density make titanium alloys an attractive alloy
for AM in aerospace applicatioriEhe TF6AI-4V alloy is the most studied of the titanium alloys.
The microstructure of T6AI-4V consists ohexagonal close packédUahd body centered cubic
( bphagsas shown by the phase diagrankigure2.39. The additi onphasd Al s
whi |l e V sGerelally,laslepasited ricrostructures after powdedbusion (PBF) AM
exhibit a fine martensiti¢ U €triicture with acicular laths while the microstructures in directed
energy deposition (DED) AM typically have a coarser structure consisting of latdellaa n d s ma |l |
a mo u nt f53JoRigurd2.40 (a) and (b) showsrepresentative micrographs of-GAl-4V
fabricated by DED and PBEM.
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Figure 2.39. A portion of the TAI-V phase diagrarfi236] for a constant aluminum concentration
of 6 wt%.
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Figure 2.40. Representative micrographs of@Al-4V fabricated by (a) DED and (b) PBF after

stress relieving153]. Component s fabricated by DEDIathsypi cal
with small amounts of b whil e nPaBrFt ecrosmiptoen e(nUW ) .

Ti-6AlI-4V undergoes a transf or madjphasetoatwopghase t he I
structureconsisting primarily hexagonally clogea c k-pdatle and s mophaseata mount
a temperature of approximately 1000{€37]. The solidstate tansformation can lead to
guantifiable microstructural features within grains and depending on the cooling rate through

transition temperatr e , -phakeecanlexhibit different morphologies. In many AM builds,

needlel i klaths Bre present inside the lg e , prior b grains. Mul ti pl
the quantitative -lathewidthtandomeshhnica prapertiesy kkertiness)
strength and ductility. A clathwidehdaotViclers haodhessme a s u

is preseted inFigure2.41, which shows a decrease in hardness with the coarsening of the lath for
DED-L and PBFEB.

Heattreatments are used to relieve residual stressescandrcs-hase rdorphology for
increasing ductility and toughness at the expense of strength and hardnes§AR4Vi
components fabricated by AM. A similar behavior was observed during the wire 1@el_[2E
Ti-6Al-4V that was stress relieved at 600°C4drours. The Vickers hardness of multiple samples
deposited with different process parameters (~327 HV) was found to increase to approximately
343 HV after stress relieving. It was suggested that @t@tion of precipitation hardening and
solid solutionstrengthening contributed the increase, as the selected heat treatment temperature
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can also be used for aging and energy dispersive spectroscopy showed slightly less segregation

compared to the adepasited condition.

400

- Ti-6Al-4V
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Figure 2.41. Vickers microhardness as a function of alpha lath width fe8Alt4V fabricated by

AM from[117, 215, 23843]. Error bars, where aviéable, represent the standard deviation in
measurements.

2.3.2.5Grain size

Grain size refiningd known to have a significant impact on the strength and hardness of

metals and alloys. The early works of H&l] and Petch22, 244]described the effect of grain

size,d, on yield strengthly, in the wellknown HallPetch relatia,

=2 9

nNQ

wherellp andky are material constants that represent the yield stress of afigmimaterial and

the strengthening coefficient, respectively. The expressioriosasilated to explain the observed
phenomenon that fingrained materials exhibit higher stresses prior to yielding compared to alloys
with coarse grains. At grain boundaries where there is a change in crystallographic orientation,

dislocations require merenergy to move from one grain to another, therebydmpealislocation
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motion. Therefore, higher grain boundary area per unit volume (smaller grain size) effectively

strengthens a material by blocking dislocation motion.

The works of Taboff245] and Cahoon246] have shown that hardness is directly
proportional to yield strength. Redbn Keist and Palm¢t53] investigated the strengtiardness
relationships for the DED of T8AI-4V using both laser and electron beam heat sources. Their
correlation is plotted along with independent experimental data f&AIF4V components
fabricated by PBF and DED processe$igure2.42. Similarly, a collection of data for th&M
of SS316L is shown irrigure 2.43. While scatter in data from multiple researchers can be
expected, bottrigure 2.42 and Figure 2.43 clearly show positive correlations betweeiely
strength and hardness for AM alloys fabricated by multiple techniques. TheEfoisjon(2.9)
can also be applied to studies involving the relationship between hardness and grain size. When
considering the microhardness rse@ment using a Vickers indenténe relationship takes a
similar form, where yield strength is replaced by Vickers hardrd¥s,and HVy is material
constant reference hardness value repla@ings hardness is a measuremenipeoflizedplastic
deformation, a hardness indent may bkéyfencompassed within a grain depending on the load,
dwell time, and size of grains and the effect of strengthening due to dislocation propagation and
pileup atgrain boundaries may not be captured. Also, significant variability in measurements could
realt depending on where measurements are taken with respect to grains (center of grain,
boundary, triple junction, etc.). Regardless, the acquisition of ampledsgradmeasurements for
many AM microstructures provides a simple means for investigating filset ef grain size on

hardness.
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Figure 2.42. Comparison between the correlation developed by Keist and P48} and
independent experimental d4dl 7-121, 247249] for yied strength and hardness measurements
spanning multiple AM processes.

The HallPetch relation was originally developed for equiaxed grains and has found good
agreement with experimental results in the grain size range on the order of approximately a few to
hundreds of microns. Grain sizes in AM alloys typically fall withistrange, however many
grains have a columnar rather than equiaxed morphology. Also, grain sizes in PBF processes
exhibit smaller grain sizes compared to DED processdakse AM of IN&5 for example, Li et al.
[250)mea s ur ed gr ai n s i-kwhide Khagad and FalmggI8f measurde Bizes in
the hundreds of microns for DED. Typically, aspect ratios in AM, which are defined as the ratio
of grain length to grain width, range between 1 (equiaxed) and 10 (elongated colummar). As
deposited microstructures usually exhibit lower aspect rdias heat treated samples where
significant growth along the length dimension can occur. As relationships between grain size and
yield strength are commonly reported in AM literature, it isont@nt for researchers to be specific

about the grain dimensiarsed for analysis.
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Figure 2.43. A collection of independent experimental data showing a comparison between
measured yield strength and Vickdrardness for SS316L fabricated by j9, 111, 112, 251
252].

Since grain coarsergnis a thermally activated process, the amount of time that an alloy
remains at high temperatures ultimately determines tee$grains. Therefore, high cooling rates
such as those encountered in PBF processes tend to yield small grain sizes winitdihgyates
in high power DED processes exhibit larger grains. Experimenta]&ta251]relating cooling
rate to grain size and Vickers hardness for the AM of SS316L is shokigure2.44. The data
includes measurements from both DERndPBFL processs at various combinations of laser
power and scanning speed. In each study, the average grain diameter decreased with an increase
in cooling rate. Consequently, an inverse relationship was obtained between Vickers hardness and
average grainidmeter, resting in the HallPetch effect.
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Figure 2.44. The relationship between cooling rate, average grain diameter, and Vickers hardness
for the AM of SS316[151, 251] The cooling rate on the horizontal axis is plotted with a
logarithmic scale and black arrows indicate thaxis for each data set.

Wang et al[253] studied the effects of processing conditions and microstructural features
on thetensile propdres of SS304L during DEAD. In their discussion, the grain dimension was
defined as the average measured length of the grain in the direction of loading. It was found that
the measured yield strength and grain sizes obeyed th&eétal redtion. Interesngly, the yield
and tensile strengths measured in the transverse (parallel to the long grain axis) and longitudinal
(parallel to the short grain axis) showed no clear anisotropic trends. In fact, a collection of literature
data in a recenteview [60] showed that although the microstructures of AM alloy components
exhibit elongatd columnar grains, the amount of anisotropy is negligible when comparing tensile
properties in orthogonal directions. This finding is summarizééigare2.45 for different alloys
and AM processes. Data points near the dotted limeigure2.45represetlittle anisotropy while

those that stray from the line exhibit more anisotropic behavior.
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Figure 2.45. An analysis of anisotropic behavig60] through a comparison between the
transverse and longitudinal tensile strengths in addiy manufactted (a) stainless stee]$08,
109, 111, 253, 254)b) aluminum alloy AISi10M[L68, 169, 255259] (c) Ti-6Al-4V[62, 69, 117,

119,260-271] and (d) nickel alloy$272-277]. Data points deviating from the dashed da®ne
line are exhibit more anisotropy compared to those lying close to the line.

2.3.2.6Dislocatiorsin AM materials

Although no nvestigations have directly examined the impact of dislocation structures on
hardness in AM materials, it is important to discuss the role of dislocations on strengthening in
general. The scale of dislocations requires experimental observatidoe perfomed by
transmission electron microscopy arigure 2.46 shows an example of dislocations in a single
crystal alloy fabricated by PBEB. In conventional mats processing, parts are often work
hardened to achieve desired propertvesich effectively uses plastic deformation to introduce a
high density of dislocations. Dislocations can exist in many different forms such as edge, screw or
mixed, where each irdduces strain in the crystal lattice which affects the movement of

neighbaing dislocations during plastic deformation. In most introductory materials science and
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engineering textbooks, the tradeoff between strength and ductility is formulated in wiich an
increase in strength due to work hardening is accompanied by a losgiiitydin a recent work

by Wang and cavorkers[278], a hierarchy of microstructures spargy multiple orders of
magnitude was attributed to help overcome the carosead strengthductility tradeoff for PBFL

of SS316L. Very fine cellular walls with high dislocation densities and elemental segregation were
found to pin dislocation motion andgmote twinning, which ultimately lead to an increase in both

strength andluctility due to a steady work hardening behavior.

Vo e = ot , _
Figure 2.46. TEM micrograph of dislocations in nickbhsed superalloy CMSX processed by
PBFEB AM[279].

In a recent review, Gorsse et 80] offered a calcul@on procedure to determine the
upper limit of dislocation density (5 x 10n) for steels by assuming that ktlear thermal strain
is accompanied by dislocations upon cooling after solidification. This rough estimation is in good
agreement with repatl dislocation densities of AM materials Table 2.6. Overall, the
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dislocation densities are comparable to those determined in wrought materials, which is
uncharacteristic for materials that have not been work hardened. Mortbevdislocations in AM
materials are often organzénto networkg281], as shown irrigure2.47(a). As in conventional
materials, heat treatment will effectively lead to a reduction in dislocdeosity as shown in
Figure 2.47(b). Future research can take advantafj¢he unique dislocation structures in AM
materials if the macroscopic process can be used to control tneisudn microstructural features
[278].

unpinned
dislocations
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.~ : S
s "I

Figure 2.47. Dislocation structures in nickddased superalloM247LCfabricated by PBF.
[281] showing (a) high dislocation density in thedeposited condition, especially near cell edges
and (b) reduced dislocation density after heat treatment at 1230°C for 2h followed by air cooling
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Table2.6. A summary of dislocation densities reported for AM alloys

Alloy Process Dislocation density [] Reference
SS316L PBFRL 1.5x 164 [282]
SS316L PBFL + Solutionized 9.7 x 16° [282]
SS316L Hot worked + Solutionized 3.5x16® [282]
SS316L DED-L 2.77 x 16* [283]
SS304L DED-L 4.311t0 7.45 x 16 [283]
SS304L PBFEB 2.72 x 16* [283]
SS304L Wrought 1.84 x 16* [283]

CrMnFeCoNi DED-L 0.891t0 1.19 x 18 [284]
IN718 PBFL 2.00 x 18%t0 5.62 x 1&° [285]
Nb PBFEB 103to 10+ [286]
Ti-6Al-4V DED-EB + HIP 10t [287]
Ti-6Al-4V DED-EB + Stress relieved 10" [287]
SS304L PBFL (3.8 +1) x 16* [288]
SS304L DED-L (2.5 +1) x 16 [288]
SS304L Wrought (deformed) (6.8 +1)x 16 [288]

2.3.3Compositioral variables

2.3.3.1lron alloys

A particularly useful approach for predicting properties of steels that has been previously
used in the welding community through the carbon equivalg¢®89]. The carbon equivalent can
take on many forms that include various alloying elements to beshsuarget pplication.The
HV for various ironbased alloys can be related to composition using the cataddhbility (Pem),
whichwas originally derived for evaluating crack susceptibilitydaxide vaiety of alloy steels,
given ag290]:

Si MN+Cu+8it Mo V
— +—+5B (2.10)

PenrCt 3" =20 *60 15 10

All elements inEquation(2.10) are expressed in weight percefhe averagelV values fran
independent experimental dgv&@, 155162, 289)were plotted versus theof the alloy for the
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following ranges of alloyinglements: 0.02.99 wt% C, 610.2 wt% Co, €13.3 wt% Cr, 0.21.62

wt% Mn, 0.067.97 wt% Mo, 0.1518.8 wt% Ni, 0.0140.025 wt% P, 0.29.02 wt% Si, 60.88

wt% Ti, 0.032.01 wt% V and &6.32 wt% W.Since diferent measurement methods such as the
Rockwell C hadness test are used for steels, a conversion between the hardness scales is needed.
The following relationship was used to convert from the Rockwell C (HRC) to the HV[284le

Hv=1 1€ 0316 (HRC) (2.12)

Figure2.48 shows that a linear fit is achieved between HV and composition for data from
AM. It is well-accepted that process variablefeetf hardness of steels in AM based on many
factors that include microstructural features. However, the linearifjigofre 2.48 shows that
chemical composition of steels can provide an approximate value of hardness indepetident of

AM process variables selected.
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Figure 2.48. Experimentally measured hardn€sdl, 155162] vs. Pcm of iron-based alloys for
AM.
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Table2.7. Compositions (in wt%), dn values and averagdV numbers for irorbased alloys

Alloy C Co Cr Mn Mo Ni Si Ti V W | Pmm Average HV Ref.
H13 |0.37 - 499 02 11 - 1.02 - 0.8 - |0.817 Y4985 +15 [155]
4340 |0.42 - 09 074045263029 - - - |0.586 580.5+101|[156]
18Ni300 _
Maraging|0.02 10.2 - - 4.2 188 - 088 - - |0.613 ¥323.5+ 2 [[157]
steel

H13 |047 - 501 02 12 - 063 - 112 - |0.944 550230 [158]
H13 |035 - 5 03515 - - - 1 - |0818 615235 [159]
ER70S6 | 0.1 - 0.151.620.15015 1 - 003 - |0.237 184215 [[160]
M2 steel |[0.86 - 1.250.37523 - 033 - - 6.32/1.301 800z 100 [161]
FeCIMOVC g g9 . 42 - 797 - - - 201 - |1.923 90012 [162]
tool steel

420SS |0.42 - 13.30.330.06 037054 - - - |1.130 9478 +20 |[74]

y Converted fr gBgudtdd€llt o HV usin

2.3.3.2Aluminum alloys

Aluminum alloys offer great opportunity for producing lightweight parts for aerospace and
automotve applications. Apurealuminum is a relatively soft metal, these all@jtenrely on
alloying elements to achieve higher strength and hardness throicgbadotion strengtheningnd
work hardening, such as in 5xxx series all@ygyrecipitation harening as in the 6xxx and 7xxx

series.

A constrained multvariate linear regression analysis used for determining the
dependence of edeposited hardnessn composition for the AM of aluminum alloys. The
following relationship between experimentallyeasuredHV values and chemical composition

was obtained where each element is in weight percent:

HvV = 37.99 + 19.47Ag + 2.85Cu (2.12

+30. 00Mn48250 . 8@ Di 062Zn )
The correlabn presented is valid for the following ranges of alloying elemenr@ss @vt% Ag, 0

5.3 wt% Cu, 60.8 wt% Fe, 01.95 wt% Mg, 60.55 wt% Mn, 612.2 wt%Si, 0-0.064 wt% Ti and

0-0.1 wt% Zn.The data points with alloying elements that were well outsidaeof/alid ranges
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mentioned above were omittelthe relationship between the measured hardness and the hardness
calculated usingquation(2.12) for AM data[163-171]is shown inFigure2.49. The solid line in
the plot is the onéo-one relationship between measured and calculated values, meaning that a
point falling on this line is exactlyrpdicted byEquation(2.12). The chemical compositisnare

shown inTable2.8.
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Figure 2.49. Experimentally measured163-171] and calculatedHV of aluminum alloys
fabricated by AMusingEquaion (2.12).
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Table2.8. Compositions (in wt%@ndHV ranges used for aluminuirased alloys

Alloy Ag Cu Fe Mg Mn Si Ti Zn HV Ref
Al2139 | 05 53 008 052 0.31 0.051 0.064 - 81-103 | [163]
AISil0OMg | - - 055 04 045 10 - 0.1 | 131-141 | [164]
Al-12Si - 0.3 0.8 01 015 12 - 0.2 | 130140 | [165]
Al-12Si - 0.003 0.12 - - 12.2 - - 107-115 | [166]
AlSilOMg| - 005 025 04 01 10 01 0.1 114 | [167]
AlSi10Mg - 01 055 04 045 10 - 0.1 127 [168]
AlSilOMg| - 0.001 0.16 0.35 0.002 10.08 0.01 0.002| 103111 | [169]
Al-12Si - 0.08 0.36 - - 12.1 - - 99113 | [170]
Al 2024 - 4.47 - 195 0.55 - - - 104118 | [171]

2.3.3.3Nickel alloys
Nickel alloysare sought after for their excellent high temperature properties and corrosion

resistance. Often, alloying elements can account for nearly 50% of thevéaghlt of the alloy.

Many nickel alloys are ageardenable and under the appropriate heat treatthegtcan exhibit
numerous equilibrium phases consisting of solid solutions, intermetallic compounds and fine
precipitates. Howeveitt is often found thatlue to the high cooling rates encountered during AM,
insufficient time is given for theseecondarphases taucleate and groand many major alloying

elementanremain in solid solutiof292].

A form of the nickel equivalent293] is adopted, which is used as a guide for predicting
austenite stability during high cooling rate processes, such as welding. The expression used is

given as:

NEo=Ni+0 . 6 5@.r 9 8o 0 5Kn 361SA. 6 C (2.13)
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where all elements are given in weight percentage. To include other alloying elements, a linear
regression analysisan beapplied to the remainder of elements that are not included iNite

expression. The final term, which Wile denoted a8, can beexpressed as:

U=NgEg6. 36RAIB8H0B 0*¥Co026Fe06HFf20ND

+4. 9%53a78di 88W (214

where all elements are given in weight percent@ife.expression is valid in tHellowing range

of elements: &.5wt% Al, 0-3.75wt% B, 0-0.5wt% C, 0-19.2wt% Co, 0-21.8wt% Cr, 0-24.7
wt% Fe, 01.5wt% Hf, 0-0.48wt% Mn, 0-9.75wt% Mo, 0-5.1 wt% Nb, 0-4.25wt% Si, 0-6.35
wt% Ta, 04.7 wt% Ti and 04.9 wt% W. The compositions and\Hvalues used are shown in
Table2.9. Only elements which either weommmon to the majority of the alloys considered or
contributed to a significant portion of the alloy composition were considered in the analisy
had neggible effects on the outcom&/hen independeiiV measurementd 29, 172186, 188,
294 are plotted against for various nickel alloys, thednd is linear as shown Figure 2.50.
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Figure 2.50. As-deposited H\129, 172186, 188, 294hs a function ofi, whichdepends on the
chemical compaton of nickelbased AM alloys.
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Table2.9. Compositiongin wt%) andrange of HVhumberdor nickelalloys

Alloy Al Co Cr Fe Mo Nb Si Ti C Other HV Ref.
IN718 05 1.0 19.0 220 3.0 5.0 - 1.0 - - 387398 |[[172]
IN718 0.5 - 190 220 3.0 50 - 1.0 - - 255 [173]
IN718 0.3 - 184 177 42 51 - 0.9 0.08 - 331.9395.8|[129]
0.02B-1.5Hf
Rene 142 | 6.15 12.0 6.8 - 15 51 - 09 0.12 6.35Tad OW 428.1 |[174]
Colmonoy 6| - 0.24 136 4.75 - - 425 - 0.6 2.5B 700-800 |[176]
IN625 04 10 213 50 92 18 05 04 01 1.8Ta ¥474.9574.1[175]
0.02B-0.01HFf

Rene142 | 30 95 140 01 3.8 0.03 0.01 50 0.14 0.01Mn0.01T4 410460 |[177]
Nimonic 263 0.5 19.2 195 05 6.0 - 02 24 - - 300 [178]
IN718 0.29 - 182 189 31 51 - 0.9 0.03 - 340380 |[[179]
Experimenta] - - 94 20 - - 2.8 - 0.4 1.8B 650-800 ([180]
IN718 0.41 - 159 171 19 223 - 127 - 0.31W 400450 |[181]
IN939 1.9 19.0 224 - - 1.0 - 3.7 0.15 0'012%1\/'\;”& 450 [182]
IN718 - - 19.0 247 30 - 035 - 0.08 0.35Mn 245287 |[183]
Rene 41 16 11.0 19.0 50 9.75 - 0.5 3.25 0.09 0.01B-0.5Mn |418.1435.1{[184]
Rene 80 3.0 9.0 140 - 4.0 - - 4.7 0.16 0.02B-0.8Hf 489.8 |[185]
Hastelloy X| - 1.77 21.8 186 9.4 - 031 - 0.05 0.22Mn1.05W|276.9284.9/[186]
Hastelloy X| - 1.04 21.3 195 9.0 - 032 - 0.06 0.48Mn0.56W|273.2281.0([186]
IN718 - - 183 189 2.0 4.6 - 083 - - 410.8430.2([187]
Ni60A - - 165 8.0 - - 425 - 075 3.75B ¥631.1762.9[188]

y Converted fr oBguaddRE€int o HV using

2.3.3.4Comparison with other processes

It is often usefuto compare microstructures and properties with the cooling rates of various
processes. Since AM is a rapidly emerging field and the underlying science is still being
understood, it can be beneficial to compare the hardness of AM alithysn&asurementsdm
other processetet us consider fusion welding, where melting is used for joining, and friction stir
welding (FSW), a process where solidification is not involved and joining is performed in solid
state. To understand the relativder of manufacturig process variables and the chemical
composition of steeldsigure2.51 combines hardness data for steels from AM, FSW and fusion
welding literatureTable2.7 shows the specific compositions for AM whileetcompositions and
hardness values for FSW and fusion welding can be found elsejf2B8r&295296]. To give the
reader a sense of the cooling rafésle2.10shows a collection of aulable data for cooling rates
measured in the three processEBere are many orders of magnitude difference between the
processes, ranging from reported values of 3 K/s for friction stir welding*ti/$Gor additive

manufacturing.
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Figure 2.51. Comparison between measureddeposited hardness values of ifbased alloys in
AM, TMAZ hardness values of FSW andwetded hardness from fusion welding.

Similar analyses for the hardness of steels in the tbenmchanially affected zone
(TMAZ) of FSW and the heat affected zone (HAZ) of fusion welding were presented by Nandan
et al.[289] and Suzuk[295]. When comparing their work teigure2.51, striking similarities are
observed. Combining the datam AM, FSW and fusion welding, the HV of steels is limga
dependent ondR with R?>=0.7580, which is slightly lower than the value 3f-R0.7632 obtained
for only AM data alone indicating consistency in the relationstiggire2.51 shows that when
hardness is calculated for the TMAX FSW and the HAZ of fusion welding usirguation
(2.10), a good correlation with a trend consistent to the AM data is obtdinednportant to note
that the data from Ito and Bessp96] for which Rn was originally derived for was clustered
around small B, valuesof less than 0.4 that resulted in a Eglope of the & vs. HV plot as
shown by Suzukj295]. Asthis work extends to a much broader rangefalues up to almost

2, a smaller slope is obtainetihese findings show that the presented approximations can be
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applied to three different types of joining processsdsle still producing consistent resylts

highlighting the important role of composition for predicting hardness of steels.

Table2.10. Reported cooling rates for FSW, fusion welding and AM

Process Values/Ranges [K/s] Reference
FSW ~5 [297]
FSW ~3to5 [298]
FSW ~90to 120 [299]
FSW ~10 [300]

Submerged FSW ~20 [301]
Fusion welding ~5 [302]
Laser welding 10° to 1P [26]
Fusion welding ~10° [290]

DED-L 4500 [303]

PBFL 10°to 1¢ [260]

DED-L 104 [304]

DED-L ~10*-10* [152]

PBFL 1.0 x 1¢to 4.0 x 10 [305]

Data for theneasured and predicteddaposited hardness of FSW aluminum alloys is also
compared to AM data ifrigure 2.52. A similar plot for the hardness of aluminuaioys were
presented by Arora et 4B06] for the FSW of aluminum alloy&igure2.52 shows that when as
welded hardness is calculated for the TEI&f FSW usingEquation(2.12), a good correlation
with a trend consistent to the AM data is obtained. These findings shofqgtiation(2.12) can
be applied to both AM and FSW while ignoring process temand is still capable of producing
approximate hardness values, signifying the importance of chemical composition in determining
the hardnessf aluminum alloysFor the FSW data, Mand Zn were important alloying elements

for the alloys considered, wdh is not the case here.
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2.3.4ASummary

The role of cooling rate, microstructure and alloy composition on the published hardness
data of iron, aluminum, titanium r@d nickel alloy components fabricated by additive
manufacturing are examinetlVhen the available data are critically reviewed, the following

important conclusions that cannot be made from individual papers become apparent

1 The variations of process paramerst and coolingates change microstructures of AM
alloys. However, when the influence of AM process parameters on hardness is evaluated
from the reported independent hardness values of fabricated components prior to post
deposition heat treatment, the iasion of hardnes falk within a narrow band of values
for ferrous, aluminum and nickel alloys.

1 The range of hardness variation of AM alloys in thdadsicated state attainable by
varying AM process parameters is much lower than the hardness enhanataieable
by subsequent heat treatment or aging. The extent of hardness variation by varying AM
process variables is roughly the same as the reported variations of hardness of iron and
aluminum alloy weld metals when welding parameters are varied.

1 Thereported hardres data show approximate linear trends with appropriate compositional
variables for iron, aluminum, and nickel alloys over a wide range of AM variables and
processes. The scatter in the hardness data for all alloy systems fall withith besm alf
valuesthat correlates well with the concentration of alloying elements. The correlations
developed are approximate and valid for the range of composition indicated, but the
findings are consistent over a wide range of processes and processtpesa

1 Although AM offers many advantages in fabricating metallic components, a target
hardness of components in as fabricated condition is much more easily obtained by alloy
selection rather than by changing AM processing variables. In this sens®) r@educed

materals behave in aimilarmanneto other conventional metals processing technologies.
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Chapter 3
USING FUNCTIONALLY GRADED MATERIALS TO LIMIT CARBON
DIFFUSION BETWEEN FERRITIC AND AUSTE NITIC ALLOYS

3.1 The problem of carbon diffusion in dissimilar welds

The interstitial carbogoncentrationn iron is arguablyone ofthe most important facter
that determine the properties of steels and other ferrous dllegsable properties in commeati
steelsarecan beachieved by tailoring the carbon concentration talpoean acceptable balance
between strength and ductilitglight changes in carboconcentratioraffectnearly all mechanical
properties, such as hardné¢sk strength2], ductility [3], fracture toughnedg], creep[5], and
fatigue[6]. For example, variations in Rockwell hardness (HR€ observed Jominy end
guench experimestfor 8600 series steel alloys with carbon concentrations ranging from 0.20 to
0.60 wt% C, as shown iRigure 3.1. Therefore, special attentiareeds to be given to thecal

variations ofcarbonconcentratiorwhen asigningdissimilar alloycomponents.

Cooling rate at 700°C [°C/s]

17070 31 18 9 5.6 3.9 2.8 2
1 1 T T T T

270

60 |-

a
(=]
I

Hardness [HRC]

: 8640
30F
8630
8620 ~_ -
20O ‘ 1IO ‘ 2IO ‘ S’IO ‘ 4IO ‘ 50

Distance from quenched end [mm]

Figure 3.1. Hardenability curves for Jominy ergliench experiments on 8600 series steels
(0.55Ni, 0.50Cr, 0.20Moyvith carbon concentrations of 0.2030, 040, and 060 wt% C[1, 4].

For any given distance from the quenched eedpositions having similazooling rates, a stark
increase in hardness is measured as the cadooicentration increases.
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Carbon migratiorafter year®f service at elevated temperatui®a major detriment tine
integrity of dissimilarmetalwelds (DMWSs) between ferritic and austenitic allo&9]. Carbon
generally diffuses from the ferritic steel towards #ustenitic alloy or filler met§l0, 11], causing
a carbondepleted zone near the weld interfgt2]. The carbordepletedregionis often much
weaker tharthe surounding materialresulting in a discontinuity in the local strain distribution
along the weld interfacgl3, 14] This regionalsocontainsfew stable carbides, which are often
beneficialfor improving creep stregth[9]. Mostdamage ilDMWs between ferriti@ndaustenitic
alloys occur in or near thcarbondepleted zoneand carbon migration consequently has been

identified as a major factor leading to premature faifdre].

The probém d diffusive carbon loss from ferritic steels DMWs has been studied
extensively[10, 1518]. The flux of carbon ams, or the amourdf carbondiffusing through a
unit area per unit time, depends on bothrtimiynamic and kinetic factof8, 19]. Although the
spatial distribution of carbon is roughly uniform in thensedded condition, abrupt changes in the
chemical composition of other alloying elemeptsduce a substantiaarbon chemical potential
gradient[20], which is the dwing force for diffusion. Since these DMWs are exposed to
temperatureof approximately 40@600°C carbon diffusivity is relatively lowtakingyears before
noticeable changes in the carbon concentration profile are ed$&8y. Attempts have been made
to adjust the chemical composition of the filler metaDMWs to lower thecarbonchemical
potential difference and diffivity [21]. However the problem of carbon diffusion stills exists due
to the largeghermodynamic driving force. Argdual change in chemical composition extending
over a larger distance would effectively lemhe driving force for carbon diffusicand limit the

flux of carbon away from the ferritic stge2].

In this chapte; functionally graded materialfGMs) are employed to limit carbon
diffusion between a ferritic steel (2.25G@Mo steel) andan austenitic alloy (Alloy 800H) by
lowering thethermodynamic driving forceThermodynamic calculations are usedaducethe
spatial gradient inarbon chemical potential by tailoring the concentratiorilpsoof alloying
elements. The diffusion of daon is simulated in bothAMW and theFGM for temperatures and

times relevant to service conditions. A labased directed energy deposition additive

ter are reproduced from aof. S. Zub
ansi ti on JjAkoy Comz 770 (B0LAy@E003.f er ri t i c
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manufacturing process is used to fabricateRG& with the desired composition profilesing
customblended powder mixtures. Accelerated heat treatments are then used to experimentally test

the effectiveness of tr@mpositional grading limiting carbon diffusion compared toCaMWs.

3.2 Thermodynamic and kinetic modeling of carbon dffusion

3.2.1Modelbackgroundand calculation setup

Carbon diffusion between 2.25@Mo steel and Alloy 800DMWs and graded transition
joints are investigated using thermodynamic and kirsaticilations The problem is similar to that
studied by Helander and Agrgh8] in which an interstitial element diffuses across a dissimilar
alloy steel interface. The total@unt of a diffusing element through an area per unit time depends
both on the chemical composition of the alloy and the ability of that element to movehtitineug
phase in question. In multicomponent diffusias shown irFigure3.2, the flux of a specie,

perpendicular to an axisg, is given by[23]

1 (3.1

whereLyi is a mobility factor and; is the chemical potential of specie¥he mobility factorLi,
is related to the interdiffusion coefficient3y;, for each element of interest as
‘ (3.2

o 0 —
w

—a —n

whereg; is the concentration of elemgni he time evolution of the concentration profile of species

kis obtaned by solving

re T, (33)
o T

in which t is time. Inequation(3.1), the driving force for diffusion is the spatial gradient of
chemical potentidl, jT @which is a function of both temperature and chemical composition at a
constant pressure. Hence, a reduction in the carbon chemical potential gradient will effectively

reduce the amount of carbon diffusion.
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Figure 3.2. A visual representation of the odémensional diffusion flux of a specids,in a
multicomponent material along an axas,

To assess the functionality of different composition profiles for reducing carbon diffusion,
ThermoCalc® ad DICTRA® (Thermocalc Software AB, Stockholm, Sweden) are used. The
programs are coupled during diffusion simulations to allow for simultaneous thermodynamic and
kinetic calculations at each time step. THe talculations allow each grid point to havepadfic
chemical compositiorio evaluate the effect of various composition gradients on carbon diffusion
during extended times at elevated temperatures. The simulated carbon profiles as functions of both
distance and time serve as a first step in the ddéesrghefunctionality graded transition joints.

A model system is used to compare carbon diffusion between 21A8&steel and Alloy
800H in a DMW with a sharp concentration change and across a diffuse compositional gradient
with a linear variation iralloy con@ntration. The major alloying elements in the material system
are Fe, Ni, Cr, Mo, and (A temperature of 773 K500°C) which falls within the range of
common service conditions used for simulationg:errite, austenite, sigma, ant4@ phags
are consideredlhe rule of mixtures homogenization function is employed for the estimation of
local kinetic data, and simulation timeof 6.3072 x 18 s (20 yearsyas usedn both cases to

replicate expected service lifetimes

In current applicaons, 2.25Cr1Mo steel is often fusion welded to Alloy 800H using a Ni
base filler metal (Inconel 82/182), which contains high amounts of Cr, to alleviate the coefficient
of thermal expansion mismat¢P4, 25] A schematic diagram of the calculation domain for the
DMW is also shown irFigure3.3(a). Thesi mul ati on contains a total
which only includes the interface between the ferritic steel and austenitic filler metal where carbon

depletionoccurf26]. To account f or Iigdefinadinwlwch an approdinrdatee m r e
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linear change in chemical composition occurs from 2.28@0 (Fe2.25Cr1Mo0-0.1C) to IN82
(Fe-77Ni-20Cr0.1C) centered in the middle of the region, as showkigare 3.3(a). A double
geometric grid system is used to provide more grid points around the dilution region of the weld
with values of 0.85 and 1.15 for the lower and upper parts of the region, reslyecti

Similarly, a 10 mm region was chosen &éhypothetical FGMas shown irFigure 3.3(b).
The entire region contains 2.25CMo steel (FE.25Cr1Mo-0.1C) connectetb Alloy 800H (Fe
34Ni-21Cr0.1C) by a linear composition gradient. The chemical composition for all element
varied linearly from 2.25CGtMo to Alloy 800H over a distance of approximately 6.75 mm
centered in the middle of the region as showhigure 3.3(b). A linear grid spacing was used for

the composition gradient simulation.

40 pm dilullion region

v .. .
2.25Cr-1Mo Steel IN82 Filler 2.25Cr-lMo‘ Composition gradient | Alloy
T T T T Steel 800H
02 .
0 T
C L S C :
1 1 01 | |
0.1 — ) [ [
1 1 1 |
o : : 0 Y 1 1 /!
T T R K T - T
20k CT N 20 : LI |
- | rp - 1 1
[=] i S 10 1 1
o Lo )
5 I g ' !
1] \ 2 0 1 1 1 1
< 0 5
e, ~ 2 . .
© - T O 1 Mo 1
s | Moo s | |
B 1 —'\I : = 1 \
I 1 1
! ! 1 |
0 | 0 | P T 1 n .
80 T 40 T N T
wb N -, N .
40k 1 20 ! |
I ] 1 1
20 i | |
0 . L . [ L I . . . 1 1 , L
0 0.1 0.2 0.3 0.4 0.5 2 4 6 s 10
Distance [mm)] Distance [mm)]

(a) (b)

Figure 3.3. Schematic diagram of the calculation region for carbon diffusion calculations and
initial composition profiles for C, Cr, Mo and Ni in (a) dissimilar metal weldand (b) a
functionallygradedmaterial between 2.25CtMo steel and Alloy 800H. The (a) doalgleometric

and (b) linear grid spacings are shown by the solid black dots.
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3.2.2Influence of chemical composition on thermodynamic driving force

In order to address the reduction of carbon migratiorutiirahe use of FGMs, simulations
were used to compare bain diffusion across tHeMW andFGM between 2.25CGtMo steel and
Alloy 800H. The carbon chemical potential as a function of distance at the beginning of the
simulation for theDMW andFGM are shownn Figure3.4 (a) and (b) respectively. A large drop
in chemical potential is observed tile DMW in Figure 3.4(a) over arelatively short distance,
resulting in a large driving force for diffusion. Thedsien decrease can be attributed to both the
increase of chromium, a strong carbide forming element, and the change in nutuostitom
ferrite to austenite. Sincustenie has a higher solubility of carboan additional driving force
for carbon diffugon is introduced In contrast Figure 3.4(b) shows that the driving force is
significantly lowered as the change in carbon chemical potential occurs gradually over a much
longer distance.
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Figure 3.4. The abrupt change of the carbon chemical potential in (a) dissimilar metas weld
results in a much larger thermodynamic driving force for carbon diffusionttteagradual change
in (b) functionally graded materials.

3.2.3Predicting carbordiffusion during service

Using these calculated carbon chemical potential gradidretsimulated adon profiles
as a function of time and distanaee shown inFigure 3.5(a) and (b)for the weld and=GM,
respectivelyln the DMW (Figure 3.5 (a)), a large amount of carbon migrates from the ferritic

steel towards the austenitic filler metal. A peakbonconcentration of 0.446 wt% is reachatd
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approximatelythe midpoint of the weldvhile the carbon conie in the ferritic steel is constantly
lowered as time increase$he overall trends in the plot are consistent with experimental
observations of carbon diffusion in DMWH), 15, 27] The peak carbon concentratemd widths

of the enriched and depleted zones are highly dependent on the different experimental conditions,
such as materialbgat treatment and measurement techniques. In caatthstDMW, the carbon
migrationin the compositionally graded joirg drastically hinderedas shown irFigure 3.5 (b).

The maximum and minimum carbon concentrations reached in the graftiezrs simulated time

of 20 years at 773 lére 0.106 and 0.090 wt% C, respectivdlgese results show thatethinear
composition gradient of the FGM is effective for sigrafitly slowing carbon diffusion compared

to its DMW counterpart.
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Figure 3.5. Changes in the carbon concentration profile as a function & fon(a) a dissimilar
metal weld and (b) a functionally gradethterialbetween 2.25CGtMo steel and Alloy 800H.

3.2.4Testing model with literature data

To date, experimentally measured carbonceotration profiles acrodl3MWSs between
2.25Cr1Mo steel and Aty 800H using IN82 filler metal are nawvailable. Thereforecarbon
diffusion is simulated and compared with experimental {Edhbetween ferritic 5.0G0.5Mo
and austenitic 21Ct2Ni steelsto validate the coupled thermodynamic and kinetic model. The
measured carbon concentrations in thewdsled condition were directly entered into the
simulation at thédeginning of theneat treatmenf773 K for 500 . The effects of dilution were

accounted for by considering a linear change in chemical composition from the ferritic to austenitic
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steel overapproximatehl2 0 e m. The f er r.dCephkases wancorisidened in the a n d
calculations and the system wamplified to contain only Fe, Ni, Cr, Mo and C. Although the

MeC carbide was observed experimentfll§], only small amounts were reporteaid the effects

of excluding this phase in the calculations is assumed to be negligible.

Figure 3.6. Comparisonof simulated carbon diffusion profiles with experimentaasurements
between a 5G0.5Mo0/21Cr12Ni weld heat treated at 773 K for 500 h.

Figure 3.6 shows good agreement between the measured and simulated profiles. Non
destructive profé measurements for low carbon concentrations are notoriously difficult and
measurements with two diffaretechniques on the same material can show different résbts
However, it is worthwhile to note the trends that the model atdes to accurately predict. The
maximum peak was located beside the original weld interface just inside the austenitic side of the
weld. Furthermore,tn wi dt h of the carbon enriched zone
ferritic side of the interface slight depletion of carbon is observed. In fallddWs, this region
is often the location of failurg/]. The agreement betweeretpredicted and measured values

allows for the simulations to be used for the design of FGMs in this study.
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