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ABSTRACT

Mechanical alloying, compactidsy cold isostatic pressingndpressurelessintering were used
to study the potential for W3 wi% Nii 1 wt% Fe to b processed into the bulk nanocrystalline form as
a replacement material for depleted uranium in kinetic energy penetrators. Millingrtihséntering
temperature were varied from 15 to 100 hours and 1000 to 1300°C resped®igle size analysis
and SEM showed a bimodal particle size distribution wwittstof the particles belowO umin size
XRD peak broadening analysibowedcrystallite siz¢o bereduced to below 50 nm, while peak shifting
indicated a reduction in W lattice parameter dueigealution of Ni and Fe atoms into the W BCC lattice.
Postsintering bulk characterization showed density increasing stronglyneitBasingsintering
temperature to above 90% of theoretical density at 1208fparent activation energy for sintering
decreased strongly with increasing milling tim8EM micrographs showed a bimodal grain size
distribution withsomeareas oSmaller submicron grains anthers withlarger grainsn the order of 1
4 um, likely connected to the bimodal particle size dlsttion from milling. XRD and SEM also showed
the precipitation of two secondary phases during sintefifeyNi)sWC incorporating carbon from the
grinding media andn FCC solid solution of Ni, Fe, and W. The intermetalichidephase will increase
strength but reduce ductility of the bulk material, which is not desirabliero and macrohardness
testing show similar trendssdensity with a strong correlation with sintering temperature.
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Chapter 1

1. Introduction

High-density kinetic energy arirmorpenetrator munitions made from depleted uranium (DU)
have been deployed in combat by the U.Hitary since the Persian Gulf War in 19p1t4]. However,
since their introduction, concerns have been raised about the health and environmental effectsf deplete
uranium[1-4]. As a result, much research has focused on the development of tungsten heavy alloy
(WHAYS) as a less toxic replacement for depleted uranium inikiraergy penetratofs-14]. The Army
Research Laboratoryiscurrenbiyor ki ng on a research plan to demons
alternatives to depledeuranium in antarmor penetratorfd5]. 0

While tungsten (W) has sufficiently high density and is readily availablehtiéenge posed by
tungsten is its behavior upon impact. Conventional, caganseai ned W tends to Amushr
by massive plastic deformati, rather thafiselfsharpen by adiabatic shear banding, or localized bands
of shear deformatiofb, 10-12, 14, 16-20]. Research has shown that deformation behavior is dependent
on both microstructure and strain ratdiabatic shear banding is more likely to occsiistrain rate
increases and as grain size decreases. Therefore, bulk nanocrystalline (NCYioeut@ned (UFG)

W will exhibit adiabatic shear banding at lower strain rates than egeaseed W[5, 11, 12, 14, 16-20].

There are two general approaches to produce a bulk NC or UFG tungsten heavy alloyupottom
via powder processing or tafpwn via severe plastic deformation (SRDJ]. Our bottoraup approach
involving milling powders of Wi 3 wt% Nii 1 wt% Fe used limited amounts of Ni anddesigned to
be enougHor alloyingand mtentially impingng grain growth but not enough to unacceptably reduce
density A range of milling times (15, 25, and 50 hours) were used to gauge the effect of milling time on
densification, microstructure, grain sjz:nd nechanical properties

After milling, the vital step of compaction and sintering is required to consolidate the powders
into a bulk form. There are a variety gfotentialcompaction and sintering methods includingaxial
pressindg 21, 22], cold isostatic pressing (CIP21, 22], hot isostatic pressiq@3], hot uniaxial pressing,
and spark plasma sinterifg4] among othersThe most effective compaction and sintering method for
this application would combine pressure and temperature simultaneouasxitnize densification while
minimizing grain growth. Unfortunately, due to equipment limitations, the only method available for this
work was CIP followed by pressureless sintering under hydrogen atmosphere in a tube RoseCH?
sinteringparametes were varied as followsme was held constant at one hour, wkeleperature was
varied across three temperature0@, 1100, and 1200°CThis study was designed to observe the effects
of milling time and sintering temperature on densification, nsicucture(particularlygrain sizg, and
mechanical properties of W3 wt% Nii 1 wt% Fe.



Chapter 2

2. Background

2.1 Health Effects ofDepleted Uranium

Depleted uraniugwhich is composed almost entirely of the stabl238 isotope with little or no

radioactive U235 isotopehas been used in
military munitions, particularly arérmor
kinetic energy penetrators (segure 1

[25]), since about 1980 due to its very high

~

density and excellent penetrating : [ R
capabilities upon impagt, 4]. DU was

used for the first time in combat during the
Persian Gulf War in the early 199(1s 4].
In recent conflicts such as the Persian Gulf

War, Bosnia, Kosovo, and Iraq, the U.S.

military has fired more than 400 tons of DUFigurel Kinetic energy peatrator(with sabot separating [25] This
in the form of ati-armor kinetic energy workis in the public domain.
penetrator$4]. When DU is used as a kinetic energy penetrator it creates an aerosolized cloud of very
fine particles upon impact. As the DU round pierces the armoouiiee layers of DU peel away in a
fiself-sharpening effect,increasing penetration compared to other materials that mushroom upon impact.
The aerosolized particles are the result of the material lost from th&hagtfening effedd]. Due to the
pyrophoric nature of DU in very fine powder form, the material that is aerosolized may also
spontaneously ignite.
During the Persian Gulf War, roughly 115 US soldiers were directly exposed to high
concentrations of aerosolized DU as a result of friendly e A significant number of soldiers also
received lower levels of contamination as a result of contact with DU rounds during storapmrtra
and usd4, 26]. Subsequent concern about the adverse health effects of aerosolized DU led to several U.S.
government studies to determine the lkbagn health effects of itsse[1-4, 26, 27]. DU in bulk form
poses only slight hedltrisks and is not considered to be carcinogesith only 60% of the radioactivity
of natural uraniunj2, 3]. Therefore, the primary health concern with depleted uranium is its
aerosolization upon impact, which creates a dust that may be inhaled and have more serious health effects

[1, 4, 26]. The health risks of Dderosolsare primarily toxicological, consistentith heavy metal



poisoning, causing damage to the liver and kidneys. Studies have ahmadiological risko be present,

but less significant than the toxicological risk, with the most severely exposed having a 1% chance of
fatal lung cancef27]. Numerous studies lthe U.S. government as well as the World Health
Organization have examined the isamel foundDU aerosols to be a risk bath soldiers exposed

directlyin combatas well as environmentally due to the potentialpfastwar exposure through drinking
water or other mearj4-4, 26-28]. As a result of the conclusions from these health stiri@dditional to
political and economic factarthe U.S. military has been actively researching tungsten as a replacement
material fordepleted uramm in antrarmor penetratorfd5).

2.2 Deformation Behavior upon Impact of Tungsten

Tungsten compares favorably with depleted uranium in terms of density, with a value of 19.3 g/cc
compared to 18.95 g/cc in DU, which even allows some potential for alloying tungsteigiiith inetals
without reducing density compared to DU. Alaccording to van der Voet, etdi.t ungst en and tu
compounds are considered toxicologically relatively §3ffe dNonetheless, toxicology research on
tungsten and the specific risks associated with deploying it as a penetastoial are ongoing.
Therefore, while tungsten (W) has sufficiently high densit/readily available and economidgiven its
widespread use in many other applications),iafidt o x i ¢ ol o g i c adthe ghallengdpased vel y s
by tungsten is itséhavior upon impact.

2.2.1 Adiabatic Shear Banding Background
Adiabatic shear banding is a mode of plastic deformation in materials that is associated with a

localized increase in temperature leading to localized shear and plastic deformation in lng$nam

5 to 500 um in widthj29]. These bands form due to the inability of the material to conduct away the heat
generated by plastic deformation at high strain r@lsut 90% of the work from plastic deformation is
converted to heafp9]. Therefore temperature rises locallysiag greater flow in the area of high
temperaturéflow stress decreases with increasing temperatutd@h becomes the shear band region

[29). In steels, adiabatic shear banding can be associated with a phase transformation from ferrite to
austenite, which creates athis known as a transformed bahdt is observed as white under nital etching
[29]. A second type of band is known as a deformed band, which experiences no structural
transformation, but shows highly localized deformation due to temperature indi&3seBeformed

bands are muchone likelyinnonf er r ous met al s. Research in copper
inverse correlation between the wdrirdening capability of these alloys and the severity of siseat
formation[29]. d&n general, adiabatic shear banding is more likely in matexidiibiting a low strain

rate sensitivity and a high temperature sensitivity of the flow stress, which makes localized temperature

increases more likely and their effects more dranjagc



2.2.2 Shear Banding in Tungsten and Depleted Uranium
For penetrator applicatins, adiabatic shear banding is highly desirable to reduce mushrooming

(surface area increase) upon impact for maximum penetration. Figure 2 shows a schematic of how surface

area is reduced by material Early shear
discard from shear banding localization & discard
leading to greater penetiat

[30]. Unfortunately, onventional

coarsegrained W tends to

Amushroomodo upon i mplact by
Reduced average

massive plastic defmation, _
tunnel diameter

rather tharfiself-sharpen by

adiabatic shear banding, or

localized bands of shear
deformation 5, 10-12, 14, 16-20]

as seen in Figuré[31]. While DU Figure2 Improved penetration due to shear bandin$0] Single figure
. . reproduced with free permission from &nbridge University Press.
exhibits a selsharpening effect upon
impact to cause greater penetration, cograged tungsten deforms into a mushroom shape. This
mushroom shape causes the kinetic energy to be distributed across a larger area, leading to greater impact

absorption by the armor and greatly reduced penetration depth.

effective

plastic

strain
SRE+DR

1SE+8L
caEFll
E5E+AL
L]

Uranium WHA

Figure 3 Shear banéhg in DUon left compared to mushrooming ofVHA on right [31] with permission from R.C. Bati
Research has shown that deformation behavior is dependent on both microstructure and strain

rate. Adiabatic shear banding is more likely to occur as strain rate increases and as goiEoreases.



For tungsten with graigizes refined to 500 nrar below(ultra-fine grained or UFG) by severe plastic

deformation (SPD), significant plastic flow localization is observed and strain rate sensitivity is reduced

[16, 18, 32]. Additionally, tungsten with grain sizes below 100 nm (nanocrystalline or NC) formed by

high pressure torsiofHPT) has shown localized shearifiy, 18, 20]. According to Wei, et al.,

AféUFG/ NC microstructures not only si gniifstateisnt | y e
ductility, decrease its strain rate sensitivity, and reduce its work hardening capability. These factors work
togetherto greatly enhance the susceptibility of tungsten to adiabatic localization undedalrdynamic

loading[17]. d@his meansthat NC or UFG tungsten may exhibit the behavior upon impact required for

antrarmor penetrator applications.

2.3 Processing a Bulk Nanocrystalline or Ultra Fingsrained Tungsten Heavy Alloy

There are two general approaches to produce a bulk NC@rtugsten heavy alloy: botteap
via powder processing or tamwn via severe plastic deformation (SHDJ]. The topdown approach
starts with a coarsgrained bulk material and uses extreme autatking to reduce grain sizeRrior
research has demonstrated the ability to generate NC or UFG W-tgwopmethods such as SPD or
HPT[16, 17]. Therefore while the concept of using NC or UFG W to generate shear localization has
been demonstrated by SPD or HPT (bothdown processesihe challenge remains to produckigh
density NC or UFG Wia the bottoraup approach gbowder metallurgy The most stightforward
approach would be to produce nanocrystalline powders by a process such as mechanicaballoying
milling, and then consolidate these powders with a combination of temperature and pressure to densify
the powders into a bulk without allowingagteptable grain growtheyond the NC or UFG regimés

occur.

2.4 The Mechanical Alloying Process

Mechanical alloyingNIA) was first developed by Benjamin in 1968 to aid in the production of
high-temperature, dispersiestrengthened nickel alloy83, 34]. However, by the 1980:¢
the MA technique quickly reealed its applicability and effectiveness in processing many different
material systemg35, 36]. Capabilities of MA include fine oxide dispersi@ior ODS alloys) solid
solubility limit extension, grain size refinement (down to nanometer size);saliel amorpization, and

inducement of lowtemperature chemical reactiomsiong otherg35, 36].



The mechanical alloying
process involves placing powders
(generally metallic) in a vial with
hard, wearesistant charge balls and
milling for the desired time.

Controlleble parameters include

Particle size (Lum)

charge ratio (weight of charge balls
divided by weight of powders) and
milling time among others. The MA

technique utilizes the competing

processes of fracture and cold welding i Milling time(hr)

to deform the powders over tinas Figure4 Effect of cold welding and fracture processes on particle sizt

. . during MA [3] Reprinted with permission from Elsevier.
seen in Figurd [35, 36]. When two
powders are being alloyed together by MA, a layered lamella structure of decreasing size with time is
formed until a solid solution of the elements is read®ilustrated in Figure 5 beloWwhe dynamic,
energyintensive nature of MA allows for extided soliestate solubility beyond the equilibrium phase

diagram for a system. Additionally, crystallite (or grain) size decreases with increasing milling time down

into the nanometer ranga5, 36]. These two key
phenomena of solidtate solubility extension amdnograin
size refinement were utilized in this work for theNitFe
system. The idea was to reduce grain size to the nanosca
and supersaturate the Mtticewith Ni and Fe to form a

solid solution and hopefully impede grain growth during

sintering.

2.5 Compaction and Sintering Methods

After mechanical alloying to generate a _ . _
Figure5 Ballpowder-ball collision schematic [3]
supersaturatedanocrystalline structure, a compaction and Reprinted with permission from Elsevier.
sintering step is required to transition from the powder form to the fully dense bulk form. There are two
primary wayso perform the densification and sintering process found in the powder metallurgy
literature: cold compaction followed by pressigss hightemperature sintering or hot compaction in
which the pressure to consolidate/compact is provided simultaneotislgmelevated sintering
temperature. The sintering and densification process occurs via the driving force of surface area

reduction of the particlg1, 37]. The mass transport mechanism in metals which allows for this surface



area reduction is generally vacancy diffusion from sources to [@ksHigh temperatures are required

for sintering and densification to allow for sufficient diffusion rates to be achieved to reduce the surface
area and densify the part. Cold compaction techniques include cold uniaxial pressing amu$tedid is

pressing (CIP), which would be followed by a pressureless sintering step to generate a dense bulk form.
Hot compaction techniques that apply heat and pressure simultaneously such as hot uniaxial pressing, hot
isostatic pressing (HIP), and sparlagia sintering (SPS) tend to be more effective at achieving full

density while minimizing time at elevated temperature, but also more expensive.

2.5.1Cold Compaction and Pressureless Sintering

There are two primary methods of cold compaction found ipoeer metallurgy literature:
cold uniaxial pressing and cold isostatic pressing ({2H) These processes are performed at low{non
sintering) temperatures and generatliifdwed by a sintering stage to increase the density by reducing
porosity and impraing the bonding of the powders.

Cold uniaxial pressing involves the placing of the powder in a cylindrical die and pressing
between lower and upper punches to a pressiy00 to 800 MPE21]. The advantages of uniaxial
pressing include material and energy efficiency, ability to press large geometrical shapes, good
dimensional precisionna repeatability, and high rate productiVid]. Overall, uniaxial pressing is

cheap, fast, and reliable, but the resulting compact is of lower quality than can be pimdooked

isostatic pressing. The issues include repacking —» deformation —>-

significant residual stresses due to wal %

inhomogeneous density causing uneven

NN
NN

shrinkage upon sintering along with

N \\\:\ N \\\ \\‘ N \\

friction with the die upon removal.

Figure6 at right shows a schematic of

NN
NN X

theuniaxial comp@ction process, with

particles first repacking to reduce

X \\v T
nllllmnt

porosity, before eventually deforming

7

under increasing pressure to reduce

increasing pressure  —»-

porosity[37]. The extent and nature of
deformation depends on the hardness Figure6 Cold uniaxial compaction proces87] Reprinted with
. . permission from MPIF
and deformation behavior of the
material at low temperatur€éhe material deformation armbre distribution can greatlyfact the ensuing

sintering process.



Cold isostatigressing, on the

. o Pist
other hand, involves the application of ston
pressure by a gas or fluid surrounding

a flexible mold containing the paler, Fluid

7
as illustrated in Figure.7Pressures as //// / %
high as 700 MPa can be reached by // ’ - Flexible mold
CIP. CIP has several advantages over M Powder
uniaxid pressing, including // ’
homogeneous pressing, no residual // AW ‘ ' E::s”re
stresses due to wall friction, and no ‘

need for the addition of binders or lubricants Figure7 Schematic of cold isostatic pressing

[22). Homogeneous pressimgsults inhomogeneous density in the green compact and therefore even
shrinkage upon sintering. Not having to add binders or lubricants eliminates the biméf $tep,
increases green density, and removes a major contaminant g2fjr€averall, cold isostatic pressing has
many technical advantages over uniaxial pressirtige resulting compacbutCIP is more expensive and
slower than uniaxial pressing.

Thecold compaction process generally takes place in three stages: geaneart, elastiplastic
deformation at particle interfaces, and massive deformation of particles leaving only smgl2gores
The first stage of particle rearrangement takes place at low pressures and reduces the pord@#y. by 5
Elasticplastic deformation occurs at intermediate pressures and increases with pressuease in
interfacial contact and remove more porosity. Finally, massive deformation occurs at the highest
pressures and leaves only small, isolated poregcleetthe particle22]. Due to the advantages over
uniaxial pressing and equipment limitations, cold isostatic pressing followed by pressureless sintering was

used in thisvork.

2.5.2 Hot Compaction and Sintering

The primary hot compaction methods are hot uniaxial pre§28jghot isostatic pressing (HIP)
[38], and spark plasma sintering (SP&3, 24]. Hot uniaxial pressing simply involves the placing of the
powder in a cylindrical die and pressing between lower and upper punches to high pressure (400
800MPa) while holding at an elevated tesrgiure[22, 23].

Hot isostatic pressing (HIP) involves the application of pressure up to 700 MPa by a gas or fluid
surrounding a flexible mold containing the powder alaigt h el evated temgd2r atur es
3. According to Majumdar, et al ., AHIP is conside

producing fine grain, uniformly dense bulk material by careful control of the temperature, isostatic
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pressure and processinm#d [23]. These advantages of Hifee also true for hot uniaxial pressing, with
precise control of the three main parameters of temperature, pressure, and time, but the primary drawback
of uniaxial pressing ithe inhomogeneous nature of the resulting compact.
Spark plasma sintering (SPPis a more recently developed technique utilizing pulsed DC current
and uniaxi al pressure featuring high heating rate
short isothermal holding at the sintering tempergiie24]. Heating of the powder occurs both through
heat transfer from the punches and internal heating via theefted¢[ 21, 24]. This technique should

allow for better maintenance of a nanocrystalitrecture by minimizing sintering time and temperature

to limit grain growthand has been used by other researchers == =77~ initial slage
performing similar worK16, 18]. | | G
N /
2.6 Sintering Theory ? | .
Sintering theory describes the progression of \/ . /
densification, porosity elimination, and microstructural il = =
changes during the sintering process. Without prior o \ / - \\71\
compaction, sintenig proceeds throughe four stages seen ||, — ~ =y o N :
in Figure 8at right: loose powder, initial, intermediate, and B / / /l\ /- -
final [37]. With priorcompaction (as in our work), sintering} | \/ - / 7\
begins in the initial stage with necking between neighboril]mlg;h()'r',;ediate e

particles. Initial stage sintering proceeds fastest due to th Figure8 Stages of sintering [37Reprinted with
. permission from MPIF
curvature of the concave region of the neck. However, as ___

neck grows and sintering pnagses, the curvatudecreases and sintering rate slows. Intermediate stage

sintering is reached when necks begin to interfere and overlap with each other, but the porosity remains

open and considerald7]. As sintering progresses

porosity continues to decrease, which reduces the copper stoos

. - . ) ) 8 1um powder
impediment to grain growth, allowing grains to grow B
A grain size,
faster as porosity decreases more slowlytdue um

intermediale

progressive
sintering

decreasing concavity. The relationship between grain

growth and sintered density general can be seen in =

0 | 1 1

Figure 9with data for coppeff37]. Final sintering is 9.0 0.7 98 08 1.0

fractional sintered density

reached once porosity becomes closed as seen in the Figure9 Grain size as a function of sintered densit
) . ) [37] Reprinted with permission from MPIF
lower right portion of Figur®.
The nature of the pores during the sintering process determines important characteristics of the

final structure of the materialFirst of all, full 100% density will only be achieved through vacuum
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sintering, because the presence of gas molecules during sintering will prevent closed pores from ever

completely being eliminated (although they may shripnk \ | grain
/ o S { Vi boundary
. ; “

N
\‘
A 7

considerably]37]. This is important for our work,
where sintering under hydrogen atmosphere wed,us|”
meaning full densificatiorsinot to be expected.he PN~ NV

. : - : S
location of the pores in the material is also crucial. \ \
a) densification b) no densification

Pores on grain boundaries lead to densification as they

are eliminated, while isolated pores (not on grain Figure10 Importance of pore location [3] Reprinted with
. . . permission from MPIF
boundaries, but rather within grains) do not lead to
densification as illustrated ingure 10[37]. Along with the effect on densification, pore location also
effects grain growth with pores on grain boundaingseding grain boundary motion and reducing grain

growth, while isolated pores do little to affect grain growth.

2.7 Experimental Results from Related Work

Research into the MA of tungsten heavy alloys has been performed by various researchers with
different alloying elementgrocessing conditiorsnd approachesAning, et al. investigated the solution
kinetics and amorphization of pure tungsten antiiMy39]. Solid-state amorphization of equimolar-Mi
particles for dispersion strengthening was demonstrated by Z¢4@jlerMore relevant work byHong
et al. usednultiple milling and liquid phase sintering steps to faminhomogeneous distribution of

solid solution matrix phasendtrigger localized shear deformation93W 5.6N1.4F¢[7].

2.7.1 Ntenhanced W Diffusion
Numerous researchers have observed the effect of small additions of nickel to cause activated

sintering @ tungsten41-45]. Moon et al. looked at the effect of nickel on W grain growth, but at much
larger grain sizes than our wddkd]. Gessinger and Fischmeister proposed the enhancement of grain
boundary seHiffusion in tungsten by nickeldaitions to be the cause iofiproved sintering42]. Hwang

et al. pointed to a structural transition of the W grain boundary from an ordexeistydered structure

in the presence of nickab the cause of activated sinterjd§]. German and Munir found palladium to

be the best activator of W sintering followed in order by nickel, cobalt, platinum, angdijomvhile
Boonyongmaneerat did a more detailed study of the effeabrofind nickel on W sintering and found

that nickel is much more effective than iron at activating W sint¢dfjg All prior researcldescribed
herehas focused owery snall additions of Ni or Fe (0.5 wt% or less) and their effect on enhancing grain
boundary diffusion to increase densification and grain growth rates. However, this work involves greater
amounts of nickel, which may be expected interact volumetricallytwithsten, particularly given the

ability of highrenergy ball milling to force mixing. While GessingéP] makes a passing claim that
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nickel does not enhance volume diffusion of W (withaut further explanation or supporboth
German et al[41] and Boonyongmaneergt3] discuss the possibility of nickel improving the volume
diffusion of W to help explain the activated sintering of W by nickel. This possibility will be discussed

later in Chapter 5 to help explain some of the trends found in our experimental res8NdfIRe.

2.7.20xide-Dispersion Strengthening
Other researchers ildling Jinglian, et al[46], Lee et al[47], and Fan, et a[48], have used

mechanical alloying with oxiddispersion strengthening improve mechanical properties, particularly
ductility in WHA. Jing-lian et al. added yttria oxide to 90VWi-3Fe to increase densification in liquid
phase sintering and achieve-[L grain size with 30% elongation and 1050 MPa strej#fih Lee et

al. used patrtially stabilized zirconia (PSZ) dispersoids to increase ductility artehigkrature strength

by comparing one and twsiep miling processes and their effect on dispersoid location relative to grain
boundarie$47]. Meanwhile, Fan et al. studied®; dispersed 93W.9Ni-2.1Fe and was able to achieve

grain sizes of & pm leading to adiabatic shear bands at a strain rate of 19@6]s

2.7.3Severe Plastic Deformation
Although a totally different approach, it is also important to understand the resultabkieged

by a topdown method of severe plastic deformat{8®PD)as reported by Mathaudhu, et[dl2], Wei, et
al.[32], Wei, et al.[2(0], Cho et al[16], WEi, et al[17], and Wei, et dl14]. Mathaudhu performed
equalchannel angular extrusion (ECAE) at 1000 or@ZDfollowed by annealing at 1600°C for 1 hour
and observed equiaxed grain sizes of 350 nm and a recrystallization temperature of 1200A®i

used ECAE at 1000°C to reduce grain size to 500 nm and demonstrated that strain rate sensitivity at this
ultra-fine grain size is halved relative to that of conventional cegramed W[32]. Wei used high
pressure torsio(HPT) at 500°C to achieve grain sizes below 200 nm with farggle, highenergygrain
boundaries with high dislocation densitj@§]. However, this nanocrystalline W structure showed much
smaller shear band width of 5 um as compared to 40 um forfinearained W 20]. Cho et al. uss

ECAE to generate and study uHiae grain size W and the formation of shear bands, while
hypothesizing that the origiof brittle behavior in W is due to impurities such as C, N, S, meaning that
the key to optimal behavior is reducing or eliminating these impufit@s Wei et al. used ECAP and
HPT to study the effects of ultfane grain size and impurity concentration on W ductility]. Overall,
top-down SPD methods have achieved the desired grain sizes, but witnigighboundaries and large
numbers of dislocations. Therefo&?Dhas been useful in a laboratory setting to confirm the formation

of shear bands at ultfane grain sizes, but powder processing methods would still be desirable.
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2.7.4Liquid Phase and Pressureless Sintering
Much research has been done on liquid phase sintering, but less on pressurelstsgesolid

sintering of WHA.. Ryu et al. describes mechanical alloying followed by cold isostatic pressing (CIP) and
liquid phase sintering on W.6Ni-1.4Fe for a higkdensity depleted uranium replacemgif]]. Ryu et al.

were able to achieve nanocrystalline grain size airh@fter 36 hours milling, and a 97% dense bulk
compact with 3 um grain sidé&3]. Sarkar et al. used planetary milliofgelemental Wor 100 hours

followed by sintering to three different temperatures to achieve a grain size of 5 p¢h deffity and

20 um at 96% densitj49]. Meanwhile, Wanget al. discussed the sinterabilitiynanocrystalline

tungsten powder and the effects of particle size and grain size on sintering for different times and
temperaturefs50]. However, their discussion did not include information aboutgiogtring grain size.

Our work falls somewhah between the aboy#vith less alloying than Ryu aradmore soliestate

sinteringapproacHike Sarkarand Wangbut not pure W like SarkandWang

2.75 Spark Plasma Sintering
The most desirable powder compaction method of producing bulk nanocrystalline W is spark

plasma sintering, which features veigthpressures and ramp rates, meaning better densification with
less time at high temperature and therefore less grain gro{idb-giang, et al[51] worked with 93W
4Ni-2Co-1Fe with milling up to 60 hours followed by spark plasma sintering. They found the most
optimal milling time to be 15 has with a grain size of 340 nm and a density of 16.78 g/cc after sintering.
Klotz, et al. achieved a density of 16.96 g/cc of pure W and grain sizes between 1 and 10 um after ball
milling and spark plasma sintering at 100 MPa up to 1600°C.

Having a firmunderstanding of other work that has been done on this topic is important when
analyzing the impact and importanaieour results. These other published rednjtsimilar, yet
competing process and approachesovide a good benchmark for the sucaasbsignificanceof our

work.
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Chapter 3

3. Experimental Methods

Powders were processed by mechanical alloying, cold isostatic pressing, and pressureless
sintering before being cut, polished, and characterized. Characterization iradundégt measuremgs,
X-ray diffraction (XRD),scanning electron microscopy (SEM) with energy dispersivayX
spectroscopy (EDSandhardness testing (macro and midiar) bulk samples. Likewise, powder

samples from milling were characterizedaparticle size analyzeBEM, and XRD

3.1 Powder Processing
Powders of the desired composition were processed by mechanical alloying for various times,
followed by cold isostatic pressing to form a green compact. This green compact was then pressurelessly

sintered for one hawat various temperatures before characterization.

3.1.1 Preparation and Milling of Powders
Elemental powders of tungsten (Wijckel (Ni)and iron (Fe) were measured out to the ratio of

96 wt% Wi 3wt% Ni i 1 wt% Fe(88.33 at% W 8.65 at% Nii 3.03 at%Fe) W powder was acquired
from Alfa Aesar at 99.9% purity an@25 mesh sizeli powder was acquired frodtlantic Equipment
Engineers at 99.9%urity and-100/+325mesh size anBle powder was acquired from Atlantic
Equipment Engineers at 99.8% purityda325 mesh size. All handling and mixing of the powders was
performed under argon atmosphere in a Labconco Protector Glowe Bmvent oxidation All powders
were reduced in Bindberg Blue M (Model #54233) tubdarnace with hydrogen atmosphere mating
to 500eC for 1 hour prior to mixing and milling.
The W1 3wt% Ni i 1 wt% Fe mixture of powders wamilled in a SPEX 8000 higlenergy
shaker mill seen in Figurkl at 7200 Hz using tungsten carbide (WC) milling vial with 7/16" WC
milling balls, alsoshown in Figurell. A ratio of milling ball weight to powder weight (charge ratio) of

2:1 was used with about nine balls

weighing around5 g total and
37.5 g of Wi 3wt% Ni i 1 wt%
Fe powder. The loading and
sealing of the vial was done under|;
argon atmosphere in the glove box

ensuringmilling to occur under

inert conditions to prevent Figure11 WC milling vial and balls on left and SPEX 8000 mill on righit [3
Reprinted with permission from Elsevier.
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oxidation and atmospheric contamination of the powder. Slight heating of the vial and itssctingamt
insignificant t e m@wasabsewedauringfmiliness t han 100e¢
Milling times of 15, 25, and 50 hours were used to assess the effect of milling time on
densification, microstructure, and properties. An additional milling time of 106 kneas performed and
partially characterized by XRD, SEM for powder size and morphology, and patrticle size analysis, but not

compacted and sintered for full characterization.

3.1.2Compaction and Sintering
After milling the powders were removed from

the mill under inert atmosphere and then compacted
cold isostatic pressing (CIP) in an AIP CP360 cold
isostatic presgas seen in Figure2iat right)at a
pressure of @ ksi (138 MPa) fod 0 minutesn a
cylindrical polymer mold.To improve densification

air in the mold was removed using a syripger to
pressing In an additional effort to improve
densification without significantly affecting grain size,
after pressingsanples weresubjected to a heat
treatment of 300°C for one hour in the tube &om

under hydrogen atmosphere designed to allow for so
recovery ofthedefects in therystal structure from the ,
milling process. This recovery heat treatment was follow Figure12 AIP CP360 Cold isostatic press

by a second CIRun, under the same parameters as previously. Compacted saraptespproximately

20 g in mass.

Following the second round giressing, the compacted samples were sintered in a Lindberg Blue
M (Model #54233}Yubefurnace under hydrogen atmosphere for varyamperature from 1D to
120 0 e C f ofar allthred noiling times (15, 25, and 50 houts)total nine samplesA heating rate
of 5eC/ min foll owed yderkydndgénextmosphete prdvantedgoxidatzos andi s e d
contamination of the samples during sintering.

An additional six samples weregmared followed the same procedure as above, but sintered for
1300C for 25 and 75 hours for all three milling time of 15, 25, and 50 hours. These samples were
designed to assess the maximum density that can be achieved by CIP and pressurelessintering f
comparison to the theoretical density as well as provide a greater view of grain size as a function of
heating parameters. Table 1 summarizes the full test matrix of fifteen samples.
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Table 1: Sintering Temperature and Milling Time Test Matrix
Milli ng Time/ 1000e{ 1100e( 1200e( 1300e( 1300c¢ (
SinteringParameters 1 hour 1 hour 1 hour 25 hours 75 hours
15 hours X X X X X
25 hours X X X X X
50 hours X X X X X

3.2 SamplePreparation
After sintering, the cylindrical compacts wemeat using aBuehler Isomelow-speed sawvith a

diamond bladeThe cut was made about halfway between the midplane and one end of the sample or

about 75% of the way down the sample axiallfjne smallerslice was used for Xay diffraction while

the remander was mounted and polished for microscopy and hardness testing. Samples were mounted by
taking a compacted cylinder of mounting polymer asithg Krazy glue to attach a bulk sample o\

Fe to one end. This setup was used for each sample and ditoweé of a Buehledutomet 2six-piece
autopolisher for efficiency and consistency. Using the autopolistiedjrig was performed down to the

600 grit size followed by polishing with alumina
No etching was found necessary as grains were easily identifiable in the SEM using the backscattered
electron detector (BSED).

3.3 Characterization
Both bulk and powder samples were characterized by various techniques to assess the effect of

the milling andsintering processes on densification, microstructure, and properties. To adequately
achieve this goal, characterization was performed on milled powders to observe the effects of milling and
on bulk samples to observe the effects of milling and sintefmgnary parameters of interest based on

this experimental design are milling time and sintering temperature.

3.3.1 Powder Characterization
Milled powders were characterized to assess the effects of milling on microstructure and particle

morphology. Paitle size analysis allowed a quantitative assessment of the range of particle sizes, while
SEM provided imaging of the powder particles as a function of milling time to confirm size distribution
and observe morphology. Finally;rdy diffraction dlowedthe microstructuréo be assessaging
Williamson-Hall plots to quantify strain and crystallite size from peak broadening as wblksshift to

determine dissolution of Ni and Fe in W.

3.3.1.1 Particle Size Analysis
A Horiba LA-950 Laser Diffraction Récle Size Distribution Analyzer with guarantees on

accuracy up t0.6% and precision up 10.1% wasused to evaluaté/-3Ni-1Fe powders milled for zero,
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15, 25, 50, and 100 hours to assess the effect of milling on the particle size distribution. nifdewses
repeated with at least three runs to provide confidence in the reghilth were output as plots of

frequency on a linear-gxis versus particle diameter on a logarithmuxis.

3.3.2.2 Scanning Electron Microscopy
W-3Ni-1Fe powders milled fazero, 15, 25, 50, and 100 hours were imaged at the Virginia Tech

Institute of Critical Technology and Applied Science Nanoscale Characterization and Fabrication
Laboratory (VT ICTAS NCFL) using the FEI Quanta 600 FEG Environmental Scanning Electron
Microscope (SEM) using an accelerating voag 20 kV with a spot size of abounh. A range of
magnifications were used to assess the size distribution and morphology of particles ranging in size from
less than one to greater than 100 microns.

3.3.23 X-ray Diffraction
W-3Ni-1Fe powders milled for zero, 15, 25, 50, and 100 hours t@sted by Xray diffraction

using a PANalytical XoéPert Pro PW 3040 diffractom
parameter s: ni ckel -sfcddttteer, sllOi tmm amad kBr algeg aanntdg!l e (
Each sample was run twicetime diffractometer under identical parameters for statistical reasons when
guantifying peak shifts and broadeningnalysis of this data focused on peak broadening and shifting of

the four tungsten (W) peaks in this range as a function of milling timideag diffraction angle. MDI

Jade 5.0 software was used to analyze peaks for precise diffraction angle (which correlates with d

spacing) as well as the fullidth at half of the maximum peak as an assessment of peak broadening.

3.3.2.3.1Lattice Parametr
The Bragg angle location of the W peaks was used to estimate the W lattice parameter for each

sample. It is known that each diffraction angle correlates witk@ading of the planes creating the peak.

From the powder difaction filesstored in theMiDI Jade 5.0 softwarghe orientation of the planes

generating a given pe#kalso known For example, the most intense W peak occurs at a Bragg angle

(2d) of 4 bnois treattdby the (1168t ofplanes of the W crystal. There are three other-well
defined W peaks in the range of 2d f(hkhpan&0A to 90
generating the peak are known. Table 2 showfotlveprimary W peaks between 30° and 90° and their

respective planes.

Table 2: Primary W XRD Peaks
Appr oxi mat e | Generating Plangkl)

40.4° (110)

58.4° (200)

73.3° (211)

87.1° (220)
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The diffraction angle correlates to sspacing of the lanes generating a given peak, which can
be called gy. From this ¢ for each set of planes, one need only multiple by the square root of the sum
of the squares of the values h, k, and | for each set of planes to obtain an estimate of the W BCC lattice
parametef52]. Therefore, each XRD run provided four estimatethefWBCC lattice parametdpased
on the dspacing from the diffraction angle. With two XRD runs per sample, the W lattice parameter
calculated for each milling time is the average of eight estinfetespeaks in each of two runs
Equation 1 shows #ralculation of the W BCC lattice parameter frogq,d, k, and I.

Gano AL QENIZINM Q a Eq. 1

Shifting of the W peakwith increasing milling timendicates the metastable diskion of Ni
and Fe into the W latticeUsing the unmilled \ANi-Fe powdeiXRD W peaksas a baselingalue (&
= 0.31615 nmpf the W lattice parameteapproximate quantification d¢fie at% of Ni and Fe present in
the Wsolventwas inferredrom the decrease in W lattice parameter. According to théi hd W-Fe
phase diagram$-e is much more soluble in W at equilibrigiman Ni(0.8% vs. 0.1%), likely due tilne
common crystal structure of Fe and W (BCC) in contrast with Ni (H62%4]. However, our
composition also has about three times as many Ni atone @®efas, swhile Fe is more easily
dissolved in W, there are more Ni atoms available to be disswithd Wlattice

To simplify quantification, two kepssumptions were mad€&irst, snce Fe and Ni are nearly the
same atomic sizeafomic radius 00.124 nm for Fe and 0.125 nm for Ni) and Fe has a stable-room
temperature BCC pha§g2], the lattice parameter of BCC kb6 (= 0.287 nm) was used when
estimating the at% of Ni/Fe dissolved in W. Also, a linear effect of Ni/Fe on the avera@C\tBce
parameter was used. Therefore, if the latticerpatarwas calculated to be halfway between the W and
Fe BCC lattice parametef® and® ), it would be assumed this means there is 50at% W
50at% NiFe. Equations 2 and 3 provide the conversion from W BCC lattice paratoedstimated at%
Ni/Fe and then from estimated at% Ni/Fe to estimated wt% Ni/Fe.

Ob0JKOQ — zpmnmb Eq. 2

0 & 0 A0Q R S pmimbp Eq. 3

where AW, = atomic weight of tungsten and
AW ire = average of the atomic weights of nickel and iron (which are very similar)

17



3.3.2.3.2 WilliamsonHall Plots
In addition to aalyzing peak shifts, WilliamscHlall plots were also used to analyze peak

broadening as a function of milling time and diffraction angle. A Williarridah plot allows one to
separate out the contributions to peak broadening of crystallite size andgtiiagnfollowing relation in
Equation 455, 56].

i zAT-O -OBE+F — Eq. 4

w h e ,:&8swaifts the peak broadening in radians due to crystallite size and lattice strain,
d is one halifonofadtgh e ®idfef Mead ti ce strai n, d

K is the shape factor (assumed-rayso be 0. 9),

For peak broadening, the full width at half max (FWHMJ)ueless the instrument broadening
(accountedor by the FWHM from a coarsgrained W sample)f thethree largestV peakgthe first
three listedin Table)2 was uS:g86 ®fbdbionfy with the angle d of the
information for each peak, it wdairly straightforward to pk threepoints for each sample of FWHM *

cos(d) vs.-fstn(dne wAsbgenerated for each set of
lattice strain and the-intercept equaling—, which can easily be solved fdior crystallite size In

this fashion, WilliamsorHall plots were generated and the data used to anlalywe strain and

crystallite size (an estimate of grain size) as a function of milling time.

3.3.2 Bulk Characterization
Bulk samples were characterized to assessfthet of sintering temperature and milling time on

densification, grain size, microstructure, and mechanical properties. Density measurements both by
calipers to estimate vol ume gaantithtivélyassess densificationd pr i nc
along withSEM, which provided a more qualitative assessment. XRD was used to determine phases

present, along with peak shifts to analyze lattice parameter as mentioned in the powder characterization
section above. SEM provided direct assessment of gjrm@rand microstructure, as well as

compositional mapping and point estimates of composition using EDS. Finally, hardness testing (both

macro and microprovides information on mechanical properties, which are affected by dandity

microstructureparticularly grain size

3.3.2.1DensityMeasurements
Density measurements were taken on both green compacts and final sintered compacts to see the

effects of pressing, recovery heat treatirend repressing, arsthtering. For preintering density

measurem@s, rough calculation was done with calipers by measuring the height and diameter of the
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sampleto estimatecylindrical volume. The mass of the sample was divided by this volume to estimate

density. These caliper density measurements were perfohngedimes:after initial pressing, after

repressing, and after final sintering to assess the effectiveness of the recovery heat treatment and

repressing, as wellasto correlateeta | ues deter mined by Archintedesd pr

addition,onepresi nt ering sample from each milling time wa
Ar ¢ hi me d enseésurehemvasipdrfgrmed on each sample afteal sintering to assess

densification. A traditi onal akikgtbehweigheofiteescdmpatte nsi t y

in air (W) and then irethanol(Wegane) along with the known density ethanol( gnanoid 0.79g/cc) at

the given temper at uy=d@.00Ngdc) tolestimatk ¢ha densttyyof the tompactr  (

( dmpae). These values are related by Equafon

? —_—2z 7 ! i Eq. 5

Theor et i c Was cakeutated dggsuming a 10§ sample with 9@ of W, 3 g of Ni
andl g of Fe. Using the knowdensities of W (19.25 g/cc) , Ni (8.908 g/cahdFe (7.874 g/cc), the
volume of this 100 g sample is calculated and used to calculate the theoretical degsittyon 6 shows
the calculation.

3.3.2.2X-ray Diffraction
All bulk W-3Ni-1Fe sintered samples were tested bia¥X diffraction using a PANalytical

X6Pert Pro PW 3040 diffractometer using the follo
mm mask;sclag tenmtisl it, and Bragg angle (2U) range f
on peak identificéion to identify the presence of secondary phases as well as shifting of the four tungsten

(W) peaks in this range as a function of milling time and Brag diffraction angle. MDI Jade 5.0 software

was used to analyze peaks for precise diffraction anglekvwdarrelates with-dpacing).

3.3.23 Scanning Electron Microscopy
All bulk W-3Ni-1Fe sintered samples were imaged at the Virginia Tech Institute of Critical

Technology and Applied Science Nanoscale Characterization and Fabrication Laboratory (VT ICTAS
NCFL) using the FEI Quanta 600 FEG Environmental Scanning Electron Microscope $8&iMn

Figure B) using an accelerating voltage of 20 kV with a spot size of about 5 nm. A range of
magnifications were used to assess both the densification and patdsityer magnifications and the

grain size distribution and microstructure at higher magnification.
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Energy dispersive spectroscopy (EDS) during

SEM imaging allowed the correlation of different
regions in the SEM image with different
concentrations oflements in those regions. For this
analysis, Esprit 1.8 EDS software was used to
generate compositional maps overlaying the present@
of different elements on an SEM image. This
software also allowed the gathering of EDS spectrg
on specific point®r areato confirm regions rich in
W or Ni andFe semiquantitativelyas ratios relative
to Ni. Semiquantitative means the absolute Figurel3FEI Quanta 600 ESEM used in this work
concentration values are not reliable due to a lack of standards, but the relative concentrations from one
region to another ithe same sample are reliable to assess the relative concentration of a particular
element in one area compared to another. Beam energy of 20 keV was used to excite -tagipshiks
of Fe Ni, and W at around 6,5.5,and 8.5 keV, respectively.

In addtion to EDS for phase mapping, the SEM was used for high magnification imaging using
the backscattered electron (BSE) detector to highlight the difference in elements and grain orientation for
easy determination of W grain size. These images were th&rad visuallyto estimate W grain size

as a function omilling time andsinteringtemperature

3.3.24 Hardness Testing
Microhardness and macratuness testing eve usedo assess mechanical propertiasboth the

macro and micro scalegs a functiorof sintering parameters. A LECO DBDOVickersmicrohardness
tester was used atQDO gf for 10 seconds. At leagentestswere runpersample with morerunson
somesampledgo reduce the range of the 95% confidence interxdlECO LV700AT Vickers hadness
tester was useat 10 kgf for 10 seconds. At least six tests were run per sample, witlmumsos some
sampledo reduce the range of the 95% confidence intdvaakd on thestatistic shown in Equation 7
below.

wuB 0w (‘)Zm—_ Eq.7[57]

whereis the sample mean, t is thetatistic based on the number of tests irsdmaple,

S is the sample standard deviation, and n is the number of tests in the sample
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Chapter 4

4. Results

Chapter 4 presents the data and results gathered by thavexal methods described in
Chapter 3 with limited analysis and discussion of their importance and correlation with one another.
Chapter 5 provides more extensive discussion and analysis of the results to tie together the importance of

different findingsinto a complete picture of the powder processing eBNit1Fe.

4.1 Powder Characterization
4.1.1 Particle Size Analysis

As described ilChapter 3above, particle size analysis was performed to assess the particle size
distributionas a function of millig time.This information wa then used texplain and understand
observations of densification and microstructure as a function of milling time. Figsteolvsa typical
plot of boththecumulative and regulatistribution of unmilled/V-3Ni-1Fepowderwith size on the x
axisand frequency on theaxes.FigureAl.1 of Appendix A contains data from all three runs for the
unmilled powderThe regular distribution curve featurase fairly narrow peak centst at a size of
about 40 umwhich is consistent witthe mesh sizes provided by the powder manufacObeservation
of the cumulative distribution peak indicates that about 90% of the particles are between 20 and 70 pm in
size.

Data Name Grapk Type Trarzmitlarce(R) GV Mediar Size 5i
W-3Ni-1Fe Urmilled_2 [ ] — - €. 70%) £3.1228(%) 39.77359%(=)

16 5 100

S

Undersize ()

o] |\ L

o g o i o |
0.010 0100 1.000 10.00 100.0 1000 3000

Diamelenim)
Figure 14 Unmilled W3Ni-1Fe particle size distribution
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Particle size distribution curves were produced for all four millinggird®, 25, 50, and 100
hours. Figure 3shows all four milling times on one graph, while Figudds2-5 of Appendix A show
plots of each milling time separately, but with all of the data generated from the three or more runs for
each milling time. Figuwr 15, which summarizes the milling effects, shaavsuneven bimodal size
distribution. Most of the particles are in the peak indicating a smaller size between 1 and 10 um, while
approximately 20% of the particles are in the peak indicating a largerf §2e@ 150 um.The general
distribution shape is consistent for all four milling times, with some evidence of a slight shifting to the left
(indicating a size decrease) of both peaks witheasednilling time. For the peak indicating smaller
size, thecenter shifts from approximately 5 um at 15 hours to closer to 3 [longgr milling times,
largely due to broadening in the region of 1 to 2 um particles. The second peak similaglioshifteft
from a center of 90 to 100 um after 15 hourdling to closer to 75 um at lomg milling times, but
without as much broadening.

Data Name Graph Type Transmillance(R) CV Median Size
W-3Ni-1Fe SPEX 100kr_ 3 [ 84.5(%) 173.4583(%) 5.34890(u=)
W-3Ni-1Fe SPEX 18k 3 [ —— 86.1(%) 171.8755(%) 6.44349%0u=)
W-3Ni-1Fe SPEX 25ke 5 | _ | 84.5(%) 188.9408(%) 4.56847@.'),
0.V~ . —7V
4.0 —80
- -
3.0 60 R
= @
g 2 ]
= "z}
s S
2.0 - 40 2
U= ;— =
1.0 ~20
L T e T T S O O T R R R
0.010 0.100 1.000 10.00 100.0 1000 3000

Diamelerm)

Figure 15 Milled W-3Ni-1Fe particle size distributions: 15 hours in blue, 25 hours in
yellow, 50 hours in black, 100 hours in red

4.1.2 Scanning Electron Microscop¥SEM)
To augment the knowledge of particle size and morphology and confirm the particle size analysis

results, SEM was used to image powgarticles from each milling time. Figur® $hows the unmilled
W-3Ni-1Fe powder, while Figures A22lin Appendix A show additioné8EM micrographsf the
unmilled powder. FigureGlshows a collection of particles consistent with the particle sizeldistn

shown in Figure 4, with equiaxed particles mostly in the size range of 20 to 70 um.
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2/10/2011 HV HFW det WD mag 100 pm
8:49:55 AM20.00 kV277 umETD8.6 mm 923 x
Figure 16 Unmilled W3Ni-1Fe powder particles

Figures I-20 show SEM micrographs of powder milled for 50 hours to provide an idea of the
particle sizes and morphologies in the milled powders. Figliedlowmagnification imagshowinga
large particle greater than 100 pum in size as well as some medium sized particles of maybe 20 to 40 um
in size covered and surrounded by many smaller particles on the order of <1 to 10 um. §#inanesl
that samedrge particle at higher magnification to clearly show the surface of the particle covered in
smaller particlesFigure D is of still higher magnification focusing on the medisined particles
covered in small particlefzigure20 shows a high magnifit@n image of the smallest particles with
sizes ranging from <1 to 10 um with fairly equiaxed, smooth morphol8&M did not show significant
variation in thesize distribution or morphology of the particlegh increasing milling timgwhich is
consisent with theslight changes in particle size distributmith increasing milling timebserved via
particle size analysis. Additional imagefspowder fromother milling times can be found in Figures
A2.3-13 of Appendix A.
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5 0 4
2/10/2011 HFW  det mag
9:28:43 AM20.00 kV326 umETD8.6 mm 786 x

X ., -

2/10/2011  HV  HFW det WD mag
9:30:14 AM20.00 kV 149 umETD8.5 mm 1 713 x
Figure 18 Large 5thour milled W-3Ni-1Fe powder particle covered in small particles
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Moy

2102011 HV  HFW det WI g
9:32:24 AM20.00 kV115 umETD 8.6 mm 2 222 x

.
a ) ,"-,
2/10/2011 HV HFW  det
9:24:16 AM20.00 kV 39.0 umETD 8.6 mm 6 569 x

Figure 20 Smallest 5thour milled W-3Ni-1Fe powder particles
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To betterunderstand the differences between the small and large particleshassa EDS
analysis was used to observe compositional differences in the two particless&zémction of milling
time as shown in FigurelXor powder milled for 25 hoursFor thisanalysis pointswereselectedn
SEM images toneasuresmall or larggpowder particles bDS. As can be seen belowne point is
selected from a very large particle in the left image, while another point is selected in a region of very
small particlesn the right imageThelarge particleappears to contain slightly less/Ré and more W
compared to the small particladjacent to it. This observation is consistent for a variety of areas on three
differentmilled powderghat were observed. TalBeshows the averagatio compositions osmall and
large particlesrom three different samples based on at l#asesamples of eacparticle size for each
milling time.

Large Particle (in wt%)
W 32.13

Ni 1

Fe 0.43

Small Particles (in wt%
W 30.18

MAG: 9425 x  HV: 20.0 kV__ WD: 10.5 mm

Figure 21 Example on 25 hour milled powder of poiased EDS to compare large and small milled powder particles compositio

Table 3: Large vs. Small Powder Particles R8ased EDS Composition Readings
Rati lati . . .
tstll\loisirnevz\:l\;[%e Sample 15 hours mill | 25 hours mill | 50 hours mill

) Avg. W:Ni 33.85 32.14 34.25

Large Particles ["Ayqg Ni:Ni 1 1 1
Avg. FeNi 0.74 0.41 0.72
, Avg. W:Ni 30.42 30.80 28.03

Small Particles "Ayg. Ni:Ni 1 1 1
Avg. FeNi 0.63 0.46 0.65
i Avg. W:Ni 343 1.34 6.22

LD' er%”‘?e” Avg. Ni:Ni 0 0 0
(Large- Small) =40 —Feni 0.11 -0.05 0.07
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Table 3 shows an increasing disparitytNi ratio of the small vs. larggrained regionsvith
increasing milling time While this trends not completely consisterit is interesting to obserweith
increasing milling time Figure 2 shows the difference W:Ni ratio in wt% between the small and large

particles as a functioof milling time.

7

(=]

9]

o

w

b

=

Difference in W:Ni ratio in wt% between small and large particles
‘

o

10 20 30 40 50 60

Milling Time, hours

o

Figure 22 Plot of difference W:Ni ratio in wt% W between small and large particles as a function of milling

4.1.3 XRay Diffraction (XRD)
XRD was usd extensively for powder characterization to assess the effects of milling time on the

material structure. These analyses included peak shifting to determine lattice parameter, as well as peak
broadening analyzed by the Williamsbiall method to separatbke effects of strain and crystallite size.

Full XRD curvesof unmilled, 15, 25, 50, and 100 hour milled powdsas be seen in Figure A3.1in

Appendix A showing crystalline W, Ni and Fe in the unmilled powders, but only broadened W peaks in
milled powdes, indicating the dissolution and disappearance of the crystalline Ni and Fe phases as a

result of milling.

4.1.3.1Lattice Parameter
As described in Chapter 3, XRD peak position indicates the lattice parameter of the phase

generating the peak. For oamnsples, the W peaks show an interesting evolution in peak position
increasing milling time Figure 3 shows XRD curves of unmilled, 15, 25, 50, and 100 hour milled

powders focused on the main W peak at about a Bragg angle of 40°, which demoinss$ratsit
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gualitatively. The W peaks shift to the right (to higher diffraction angles)indtieasingmilling time,

indicating a reduction in the lattice parameter of the crystalline W BCC phase.

—Unmilled —— 15 hr mill
——25 hr mill —— 50 hr mill
—— 100/ hr mill

Relative Intensity

Diffraction angle, 20 in degrees

43

Figure 23 XRD curves focused on the main W peak for all powdengles both unmilled and milled for 15, 25, 50, ai
100 hrs (Intensity scale much greater for unmilled sample for visual purposes)

Figure 2 provides a graphical representation of tatparameter of the W phase as a function of

milling time. Each data poinvas averaged from data feight W peaks (four peaks from two runs each

as described in Chapter. 3Jhis trend clearly shows the lattice parameter decreasing, which as described

in Chapter 3is likely due to the dissoluin of Ni and Fe in W. #l analysis and discussiai the

correlation of lattice parameter reduction to Ni and Fe dissolution ireppM¥ars later in lapter 5.
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Figure 24 W lattice parameter inferred from XRD peak position as a function of milling time

4.1.3.2 WilliamsonrHall Plots
Williamson-Hall plots, which separate the peak broadening effects of lattice strain and crystallite

size as described in Chapter 3 were generated to estimate the change in strain and crystallite size as a
function of milling time. Due to the coarsgrained nature of thenmilled powders, a reliable estimate of
crystallite size was not able to be made as the Scherrer equation only provides a valid approximation for
values <100 nm. The strain in the unmilled powder was estirbgtdee WilliamsorHall methodto be

very low compared to the milled powders with a value of 0.21%. Fighislh@ws the lattice strain

inferred from peak broadening by the Williamddall method as a function of milling time for 15, 25,

50, and 100 hours milling (but not unmilled due to difficdtydisplaying the much lower value). This

plot shows a slight, but steady increase in lattice sivaimincreasing milling timewhich may be

logarithmic in nature asvidencedy the logarithmic bedit line superimposed on the plot.
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Figure 25 W lattice strain infered from XRD peak broadening as a function of milling time

Figure & shows the trend of crystallite size as a function of milling time for all four milling
times. Crystallite size likewise shows a slight, but steady decreasmevghsingmilling time, dropping
from almost 45 nm at 15 hours milling to below 25 nm at 1@0milling. The correlation appears to
be almost linear, as illustrated by the superimposed lineafiblese. This indicates that higanergy

ball milling is continuing to refine grain size up to 100 hours of milling.
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Figure 26 W crystallite size inferred from XRD peak broadening as a function of milling time

4.2 Bulk Characterization
After compaction and sintering, bulk samples were characterized by d@esispremeniX-ray

diffraction, SEM, and hardness testing to assess densification, microstructure, and mechanical properties

as described in Chapter 3.

4.2.1Density Measurements
4.2.1.1 Green Density
Density was measured by calipers to estimate v
density after sintering. Caliper densities were used on ClPedjnieging samples to assess the effect of
the 300°C recovery heat treatment (Hh) presinteredgreendensity. Figure 2compares ClPed density
as a fraction of theoretical densityth and without the recovery heat treatment over the three milling
times: 15, 25, and 50 hours. Each data point is the average of measurementssamiblie=teach being
destined for a different sintering temperature as seen in Table 1 of ChapfEhe3 is a strong decrease
in green densityvith increasing milling timewhich may be explained by milling effects. The data also
shows a slight, buignificant increasén green density following the recovery HT. This increase also

appears to be greater at the lengilling times of 25 and 50 hours.
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Figure 27 Effect of recovery HT on green density as a function of milling time

While useful for presintered density measurements to qualitatively assess the effect of the
recovery HT, caliper measurements were not considered to be very accurate orquediséhe
difficulty in judgment of the dimensions as well as the imperfections in shape relative to an ideal cylinder.
Therefore, while caliper measurements were made @&t samples before and eftsintering, for sintered
sampleonl 'y Archi medesd density val uesinthereliabilityeport ed
and accuracy dhe results.Full tables of density results can be seen in Appendix B.4.

4.2.1.2 Sitered Density
Before investigating more moderate times and temperatures, a few samples were run to higher

temperatures and times (1300°C for 25 hours and 75 hours as presented in Table 1 in Chapter 3) to assess
the pragmatism ahetheoretical density deulations as well as to observe the practical limits of

densification in pressureless sintering under hydrogen atmosphere. Unlike in vacuum sintering, 100%

density is not expected due to the presence of hydrogen gas molecules in closed porosityduring fi

sintering as discussed in ChapterR2gure Bp | ot s Archi medesd sintered den:c

theoretical densitpbserved for two sintering ruas a function omilling time.
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Figure 28 Hightemperature sintered density as a function of milling time

Five of the six samples show densities greater than 96%,dsuhl@n 100% as would be
expected. Thexceptionis the 56hour milled, 1300C 75-hour sintered sample, which showed an
abnormally low density indicative of a possible outli8omewhat surprisingly, the shorgénteringtime
provides similar, if not grater, densificatiothan longer sintering time. This probably shows that
densdfication has been essentially completed by the shorter time, with no significant densification
occurring after that time and statistical variation explaining most of theatitferin the two sets of
densities. This data also seems to confirm at least the approximate accuracy of the calculated theoretical
density, with most of the values falling in the expected range-@D966, indicating almost full
densification. The lackfancrease in density at longsinteringtime provides evidence that there is no
further densification to be achievafter 25 hours at 1300°C

Archi medesdé6 densities were measured for the ni
sintering forl hour at 1000, 1100, and 1200°C after milling for 15, 25 and 50 hé&igare B shows the
density as a fraction of theoretical density for the timékng times & a function okintering
temperature For a different perspective on the results, FB@0 shows the same data as a function of
milling time, rather tharsintering temperatureFigures 2 and30 bothshow the dominarfactor in
sintered density to be sintering temperatwi#) increasing milling timénavingonly a minor, but fairly
consstenteffect. Density increases from about-88% at 1000°C to 889% at 1100°@&nd92-93% at
1200°C. Another slight, yet steady trend appears be greater density after milling for 50 hours (although
1100AC doesndt foll ow tdd)assompdred tothe dtherdawo milingdimes.e mp e r a
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At 1000°C and 1200°C sintering temperatures, the 50 hour milled samples are 1.5 to 2% greater in
percent of theoretical density than the 15 and 25 hour milled samples. Meanwhile, 15 hours milled
samples shw the second highest density, but only slightly higher at about 0.5% greater than the 25 hours

milled samples, which appeared to densify the least.
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Figure 29 Density after 15, 25, and 50 hours of milling as a function of sintering temperature
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Fig.30 Sintered density as a function of milling time for 1000, 1100, and 2@0§intering temperatures
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4.2.1.3 Activation Energy
Green and sintered Archimedes densities were used for further analysanine

apparent activation energy for sintering and sintering exponent as a function of milling tiese
calculations were made to demonstrate quantitatively and empirically the sintering rate as a function of

milling time. For this analysis, thehsnkage i/—) is calculated from the green and sintered densities as

shown below in Equatio8@ [37].

<

P — Eq.8[37]

With the shrinkage value for each milling time and sintering t¥atpre, an Arrhenius plot of

i L as afunction of 1/T, where T is the absolute temperature, was generated for each milling time.

Equation9 shows how the slope of this plot is equal to the apparent activation engrgivi{ed by the
gasconstant (R) with A representing a fgeponential constant. A linear béitine was generated for
each milling time and the slope used to calculate the apparent activation energy as a function of milling

time.
[ S B Eq. 9

Figure 31shows the natural logarithm of shrinkage as a function of the inverse of absolute
temperature All three linear fits show correlations of greater than 99%e slope of each line is the
activation energy divided by the ggaonstant, which allows f@mpiricalcalculation of the sintering
activation energy as a function ofliimg time as shown in Figure 32T'hese results show a strong
reduction inapparentctivation energy as a functioniatreasingnilling time, whichis discussed in
greater detail in Chapter Bctivation energy is suspected to be coregdidid the dissolution Ni/Fe into
W. Therefore, Figure®3was generated plotting apparent activation energy as a function of W lattice
parameter after milling. Asttice parameter decreases, Ni/Fe dissolution increases, aypehrs to
decrease apparent activation energy. A positive relationship between lattice parameter and apparent

activation energy is observed as expected.
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Figure 31 Arrhenius plot of logarithm of shrinkage as a function of inverse absolute temperature for the three milling time
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Figure 32 Apparent activation energy for diffusion during sintering of W as a function of milling time
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Figure 33 Apparent activaibn energy for diffusion during sintering of W as a function of V
lattice parameter after milling

4.2.1.4 Sintering Exponent
The sintering exponent (m) requires a bit more involved dtoin beginning with Equations 10

and 1L from Boonyongmaneer§d 3] below for the initial stage of sintering.

S — Eq. 10
where tis time, T is absolute temperature, and K is a diffusion coefficient.
v 6A@B- Eq. 11

where B is a constant relating to diffusivity, surface energy, atomic volume, diuliepar
size, R is the gas constant,ig€the activation energy (previously calculated), and T is the
absolute temperature.

When the logarithm of the result of the combination of tleegetions is taken, Equation k2

produced, in which m is the gle of a plot of {- as a function of i~ whered z1 b is assumed

to be constant as sintering temperature changes. Therefore, this plot was made and the slope calculated

using a linear bestt to calculate the sintering expamte m.
, 4 - " z L3 s NS
(v oz Dar MY Gl Bo 6 — 1y Eq. 12

) ]

Figure 34shows the plot of the logarithm of shrinkage versus a more complex term involving

activation energy, temperaty@nd time to infer the sintering exponent. The slopes of the curves in
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Figure34 are equal tan and all are fit with at last 95% correlatioithis leads to Figure53which plots
the sintering exponent as a function of milling time bel@ds. milling time increaseshe sintering

exponenincreases strongly from around 1.2 to alnto8t indicating an increase in the rate of sintering

-2.2

+ 15 hr
W 25 hr /

24 50 hr /
26

-2.8 i/

In{ AL/L)
W
&

-3.2

-3.4

-3.6

-3.8

-6 -5.5 -5 -45 -4 -35 -3 -25 -2 -1.5 -1
In[ exp(-E,/RT)*t/T)

Figure 34 Plot of logarithm of shrinkage as a function of a more complex term involving
activation energy, temperature, and time for the three milling times
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Figure 35 Sintering exponent as a function of milling time
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Lattice strain represents stored energy in the lattice, which can be a driving force for sintering.
Therefore Figure 3 was generated plotting sintering exponent as a function of-XiRibred lattice

strain. The resulting plot provides a good linear trend with a correlation of greater than 98%.
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Figure 36 Plot of sintering exponent as a function of lattice strain after milling

4.2.2 Xray Diffraction
All sintered samples were run in therXy diffractometer after cutting to assess phases present

through peak identification as well as to look for any peak shifting or broadeWmmeak shiftingand
broadening weraot very informative. All peaks shifted back to near their original posiiod,while

there was some variation in peak position as a function of milling time and sintering temperature trends
were not clear or consisteritikewise, W peaks, which had broadened considerably and were analyzed
by the WilliamsorHall method for strai and crystallite size in the milled powders earlier in this chapter,
narrowedgreatlydue torecrystallizatiorand grain growth and did not yield useful data or trends.

The most useful information from XRDrfbulk sintered samples was identifying thegance of
precipitaedsecondary phaséisrough peak identification. XRD results indicate the presence of two
secondary phases. One of these phases is confidently identifiefhaEFerhich is an intermetallic
phase incorporating carbon introduced ® slgstem through the milling proceskhe other set of peaks
(of lower intensity than the B&/;C peaks) seems to match with two potential phasgBeNmtermetallic
or acrystalline FCC Ni phaseFigure37 shows the XRD curves for the 50 hour milled péems for all
five heating runs. FiguresiBl and B.2 in Appendix B show the curves for the 15 and 25 hour milled

samples, respectively, for all five heating runs each. The 1300°C runs show the secondary phase peaks
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clearly, while the lower temperatursisow diffuse humps in the areas where discrete peaks later form,
indicating the presence of these peaks in all samples, but their coarsening into shaaipgaakease in
volume fractioronly at higher temperatures with longer hold times. At lower terafures, these phases

arelikely only very fine precipitates, leading to broadening effects from their small size.

+—HT 1000C1 hr
Fe W.C +—HT 1100C1 hr
(>11) —HT 1200C1 hr
+—HT 1300C25 hr
FegWsC +—HT 1300C75 hr
(400) |
Fe.W.C Fe W,
(331) (440) |
Z ‘ BWel pow,C  FebWsC
2 Ni;Fe or Ni;Fe or ‘ (551) (731) (733) Fe W:C FeWeC
] ‘ J FCC Ni FCC Ni ' . (751)  FesWsC (771)
£ | h | (111) 200) / | u (911)
F ot " b b b it
®
o NisFe or
e Féc Ni NisFe ar
| L “11] r FCC Ni
\ | | 200}
MWWﬂ \ M»ww WL ywm— | |
A l J
MWMW
30 40 50 60 70 80 90
Diffraction angle, 28 in degrees

Figure 37 XRD curves for 50 hour milled samptlgsintering temp increases vertically as indicated in legend
Thethirdphaspeaks donét mat c poteptialphdseacshowlyin kigure8h ei t her
Figure38 showsthe area from diffractio angles 42 to 52h the 15 hour milled samples for all heating
runsto demonstrate the observed peaks in relation to the literature values for the peak positions of each
potential phasd-igures B13 and B.4 in Appendix B show similar curves for the &3d 50 hour milled
samples for all five heating run¥he NiFe intermetalligghase literature peaks atightly closer to the
observed than the crystalline FCC Ni literature pefd& 59 but FCC Ni could be more likely to be
shiftedto lower diffraction angledue to the dissolution of W into the latticEurther discussion of the
identity of this third phase is providén Chapter 5.
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Fgure 38 XRD curves for 15 hour milled samples with vertical lines drawn indicating expected peak position:
NisFe and FCC Nisintering temp increases vertically as indicated in legend

4.2.3 Scanning Electron Microscopy (SEM)

SEM was used to examine all fifteen compacted samples for a qualitative assessment of
densification and microstructure, including phases present and graitsizenagnification images
from thebackscattered electron detedBEED) allowed for imaging to observe the degree and nature of
densification as a function of milling time and sintering parameters. Higher magnifications were used to
observe th microstructure for grain sizs well as ifferent phases in conjunctionit elemental

mapping andompositionat specific pointsising energy dispersive-bay spectroscopy (EDS).

4.2.3.1 Densification
Low magnification SEM images with the BSED allowed for good qualitative comparison of the

degee and nature of densification. Fig@&shows a composite of nine SEM micrographs with sintering
temperature increasing from 1000 to 1200°C from top to bottom and milling time increasing from 15 t
50 hours from left to right. While the beam energy sizd were held constant, the more artificial
parameters dfrightness and contrast of each original imageawot tightly controlled. Therefore, each
image was modified from the original micrograph by brightness and contrast to highlight the difference

between more porous and dense regions to give a sense for the degree and nature of densification.
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Figure 39 SEM micrographs illustratin
densification as a functio of milling
time and sintering temperature
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While the images have been modified to highlight porosity in all cases, it appears clear that
porosity decreases with increasing millingtimen d si ntering temperature. As
sintering temperature appears to be the strongest driver of densification with all three 1200°C sintered
samples appearirfgirly homogeneous and dense, while lower temperatures show more significant
porosity ancheterogeneity with fairlglensified regionsurrounded by areas of porosity. A slighter trend
also appearwith increasing milling timewhere densification appears more homogeneous with
increasing milling time. Alonger millingtimes (paticularly 50 hours), there is less contrast between
densfied regionsand surrounding more porous regions. Figurdd Bnd B.2 show the densification of
two samples sintered to 13@to demonstrate the almost fully dense, homogeneous structure that is
achieved with sufficient sintering.

4.2.3.2 Microstructureand Grain Size
At higher magnifications, SEM micrographs shihata heterogeneous structure with a bimodal

grain size distribution develofer all samples sintered at 1200°€Eigures 40, 41, ad 42showsamples
milled for 25 hours and sintered at 1000, 1100 and 1200°C, respectively. These figures show typical
microstructure for these samples. Theegreater porosity in the larggainedregions, while small
(generally submicronjrairs apper in almost fully dense regions on the order of tersbtiutone

hundred microns in size. Tlpeimary variatiomacross the samplésthelarge decreases degree of
porosity withincreasingsintering temperature, \eheas th@rain size increases siieantly. There also
appears to be a weaker trend of decreasing heterogeneity and poilosigeamillingtimes. Additional
images at the milling times of 15 and 50 r®oan found in Figures B2B2.7 in Appendix B.

Figure43 shows the 50 hour tiéd 1200°C sintered sample ancaprsto show reduced
heterogeneity, which is probaldyprecursor to the transition at higher sintering temperaame:§mes
where porosity becomes negligible and grain size becomes more homogdfigaus44 shows tle 15
hour milled 1300°C 25 hour sintered sample, which continues this trend with larger grains and less
porosity, but still some evidence of smaligained areas. Finally, by 13W 75 hours sintering, the

grain size appears homogeneous as seen in Fgure
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» Py : Figure 41 SEM micrograph of 25
hour milled 1100C sintered sampl:

Figure 40 SEM micrograph of 25
hour milled 1000C sintered sampl

illed 1200C sintered sampl




T1/28/2011 . WD | HV mag o | det HFW  ——— 50 um
12:00:48 PM|13.3 mm 20.00 kV 1 587 x BSED 161 pm Hiser 1200C 50hr mil

T1/28/2011 | WD | HV mag o | det HFW  ——— 50 um-
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Figure 44 SEM micrograph of 15 hour milled 13@25 hour sintered sample
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1/28/2011 | WD HV mag o  det HFW
2:07:00 PM 8.8 mm 20.00 kV 1 534 x BSED 167 uym Hiser 75hr 1300C 25hr mill
Figure 45 SEM micrograph of 25 hour milled 13@75 hour sintered sample

The preceding Figure®)-45 provide a qualitative assessment of the grain size distribwtininoh

was supplemented by a quantitative assessment of grain size as a function of milling time and sintering
temperature using higher grafication SEM micrographs. Figurédemonstrates how higher

magnification images were taken of both the small and large grained regions for each sample to estimate
grain size in each aador each sample. These images were used to estimate graiim$&zgeand small

(if present)grainsizeregions for each sample, which are presented in Tdlalad5 belowrespectively

Table4: Large Grain Siz€gin um) as a Function of Milling Time and Sintering Parameters

Milling Time / 1000e[1100e|1200e|1300e|1300¢
Sintering Temperature &ime 1 hour 1 hour 1 hour 25 hours | 75 hours
15 hours 0.4 1 2.5 47 10 61 12
25 hours 0.5 1.5 3 37 8 61 12
50 hours 1 2 2.5 4-10 51 12

Table5: Small Grain Siz€in um) as a Function of Milling Tme and Sintering Parameters

Milling Time / 1000e|1100e[{1200e|[1300e|1300¢
Sintering Temperature & Time 1 hour 1 hour 1 hour 25 hours | 75 hours
15 hours 0.1 0.5 1 N/A N/A
25 hours 0.2 0.4 1.5 N/A N/A
50 hours 0.3 0.6 1 N/A N/A
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Low magnification (1600x) micrograph

Highest mag
(36,000x)
micrograph
for small
grains

Higher mag
(15,000x)
micrograph
for larger
grains

Figure 46 SEM micrographs of 25 hour milled 12@0sintered sample tc
demonstrate grain size determination in smalhd largegrained regions
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