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ABSTRACT

An accelerated sintering method called 'nano-phase separation sintering' is developed, with
specific applicability to nanostructured tungsten alloys. Nanocrystalline tungsten alloys
containing minority additions of chromium are produced by high-energy ball milling and then
consolidated. Such alloys exhibit the onset of sintering at a very low temperature around 950 'C
and a very rapid rate of densification. The mechanism of this accelerated sintering is established
through understanding the role of nano-scale, solid second phase precipitation during the sintering
cycle, as analyzed by thermomechanical analysis, electron microscopy and x-ray diffraction. In
addition, control experiments are used to establish that the accelerated sintering is apparently
accomplished from the combination of two features of the powders: (i) nanocrystallinity and (ii)
alloy supersaturation. In addition to accelerating sintering, the incorporation of alloying elements
and second phases are also beneficial for mitigating grain growth during a thermal cycle, so nano-
phase separation sintering is thus naturally appropriate to the production of fine-grained bulk
materials. Sintered compacts achieved through nano-phase separation sintering display 10~30
times smaller grain sizes at comparable densities than those produced by conventional accelerated
sintering methods such as solid-state activated sintering and liquid phase sintering. The
thermodynamic features and conditions for nano-phase separation sintering are further explored
based on the binary phase diagram in order to generalize the concept to other alloy systems. After
presenting a series of proposed alloy design rules, the consolidation of chromium with an addition
of nickel is accelerated. Prospects of the technique for the development of full density bulk
products in more complex alloy systems are also discussed.

Thesis Supervisor: Christopher A. Schuh

Title: Department Head, Danae and Vasilis Salapatas Professor of Metallurgy
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Chapter 1 Introduction

1.1 Tungsten sintering

Tungsten, one of the refractory metals, has the highest melting temperature, 3422 'C, among all

metals, as well as high strength and density. Because of its intrinsically high melting point,

sintering of tungsten is economically and technically preferred to melt casting when producing a

bulk shape. Two methods of sintering are commonly employed: direct and indirect sintering (1,

2). In direct sintering, green compacts of tungsten are clamped by molybdenum or tungsten clips

and then an electric current of several thousand amperes is passed through them. A schematic

drawing of direct sintering is presented in Figure 1.1. The current running through the compact is

gradually raised until the temperature reaches 3100 'C. The soak time at the maximum

temperature is between 30 and 60 minutes, which results in 88.5~96 % of the theoretical density

of a final sintered product.

Water outlet Atmosphere outlet

Water-cooled shell

Upper ber holder
(movable tungsten clip)

Pressed bar

Lower bar holder
(statlonary tungsten clip)

ater Inlet

water outet W tWater Inlet
Atmosphere Inlet

To power supply

Figure 1.1 Schematic drawing of a direct sintering furnace (1).
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Indirect sintering uses a resistance element in order to generate heat, rather than directly Joule

heating the compact. One of the advantages of indirect sintering is that is accommodates larger

sized compacts than does direct sintering. Typical indirect sintering temperatures are between

2000 and 2700 'C and the temperature is usually held at the maximum for 6 to 10 hours (1, 2).

Whether direct or indirect sintering is employed for the production of bulk tungsten alloys, it is

important to note that very high temperatures from 2000~3050 'C are generally required to

achieve full density sintered compacts. Such temperatures are extremely challenging to work

with at scale, degrade peripheral equipment relatively quickly, and have an associated high

energy cost. For these reasons, it is has long been of interest to develop kinetically enhanced

sintering methods for tungsten.

1.2 Enhanced tungsten sintering

1.2.1 Solid-state activated sintering

In 1959, Vacek (3) observed that a very small addition of nickel is highly effective in enhancing

sintering kinetics of tungsten and lowering the sintering temperature to ~ 1200 'C. Since that

observation, numerous research works have been conducted on the addition of transition metals

such as Pd, Pt, Ni, Co and Fe into tungsten for the purpose of accelerating sintering (4-15). The

effect has been called solid-state activated sintering.

The mechanism underlying activated sintering of tungsten has been widely studied and debated

(16-19). Panichkina et al. (15) ascribed the low sintering temperature to the effects of transition

elements to dislocation climb. Samsonov (12) suggested that the transfer of electrons from the

additive to the d-orbital of tungsten could facilitate tungsten diffusion. Schintlmeister and
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Richter (14) observed that the grain boundary diffusion rate of tungsten in Ni-doped tungsten is

increased, as compared to pure tungsten. German and Munir (7) proposed that a Ni layer that

develops on the surface of the tungsten particles provides a fast transport path for tungsten

atoms, which increases tungsten diffusivity and densification rate.

In 2005, Luo et al. provided a thermodynamic and structural explanation for the solid-state

activated sintering mechanism in refractory metals by employing the concept of grain boundary

complexions (20). They first revealed the premelting of grain boundaries at 95 'C below the bulk

eutectic temperature in Ni-doped W through high-resolution transmission electron microscopy

(TEM) and Auger spectroscopy (20). Such premelting is referred to as a complexion transition at

the grain boundary, and is associated with a rapid and discontinuous change in kinetic properties

of the boundary. They therefore concluded that this nanometer thick disordered layer (analogous

to amorphous phase) as shown in Figure 1.2 provides a fast transport layer to tungsten atoms,

which accelerates sintering kinetics.

Figure 1.2 The nanometer thick quasi-liquid layer between tungsten particles in
activated sintering (21).
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Luo and coworkers suggested that the stabilization of a nanometer thick quasi-liquid layer could

be possible between powder particles even below the bulk melting temperature if the free energy

penalty for forming the undercooled liquid film is overcompensated by the reduction in the

interfacial energies as presented by Figure 1.3 and Eq. (1):

AGamorphh < ygb 2 c_ (1)

where AGamorph is the change of free energy for forming an amorphous phase, h is the thickness

of the amorphous layer, and ygb' 7 c, are the excess free energies for a grain boundary and crystal-

liquid, respectively (20).

T 
cj

Yg bJ

Figure 1.3 Schematic of the stabilization of a nanoscale quasi-liquid layer below the
bulk eutectic temperature (20).

1.2.2 Liquid phase sintering

Liquid phase sintering refers to a sintering process facilitated by the formation of a liquid phase

during sintering; an alloy containing more than one component, when sintered above the solidus

line, will develop a second liquid phase. A liquid phase usually increases the densification rate

for two reasons. First, the capillary force from the wetting liquid helps remove porosity by filling

pores with liquid phase. Second, the diffusivities in liquid are relatively high, which allows faster

bonding and densification (22). The theoretical foundations for the liquid phase sintering were

established with a focus on tungsten heavy alloys (W-Ni-Fe and W-Ni-Cu), and since then liquid
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phase sintering has been widely adopted for the manufacture of various products including

refractory metals and ceramics (22-28). However, the accelerated kinetics associated with the

presence of a liquid phase also lead to concomitant microstructural coarsening. Figure 1.4

displays the final microstructure of the sintered tungsten alloy (W-lNi-1 Fe in wt.%) after liquid

phase sintering, delineating average grain size ~50 prm which is 10 times larger than the initial

particle size of 5 [tm.

Figure 1.4 The microstructure of W- 1 Ni-i Fe specimen sintered at 1460 'C for 5 hours
(29).

Even using nanopowders or nanocrystalline powders of tungsten alloy (30, 31) as an input for

sintering, a sintered product with nanostructure has not yet proven possible to produce through

liquid phase sintering. For example, nanocrystalline tungsten alloy powders of 93W-3.5Ni-

1.5Fe-2.OCo and 93W-5.6Ni-l.4Fe in wt.%, both which had an average grain size of 16 nm

before sintering, yielded final sintered products with grain sizes of - 15 and -40 jIm,

respectively, achieved through liquid phase sintering as shown in Figure 1.5.
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Figure 1.5 The secondary electron images after liquid phase sintering of (a) 93W-3.5Ni-
1.5Fe-2.OCo alloy (30) and of (b) 93W-5.6Ni-1.4Fe (32).

1.3 Nanocrystalline tungsten

1.3.1 Properties of nanocrystalline tungsten

Unique properties, such as high strength and increased corrosion and creep resistance, can be

realized in nanocrystalline metals (33, 34) with an average grain size typically smaller than 100

nm. Body-centered cubic (BCC) nanocrystalline metals have been of interest for unusual

deformation phenomenon such as suppressed strain sensitivity (35) and localized shearing

instead of uniform plastic deformation under high rate loading (36-38) as compared with

microcrystalline materials of the same composition. BCC tungsten has been reported to show

localized shearing and adiabatic shear banding when it is nanostructured, as shown in Figure 1.6.
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(a (b)E

Figure 1.6 (a) Optical micrograph of and (b) Scanning electron microscopy (SEM)
micrograph of adiabatic shear bands in nanocrystalline tungsten (39).

The formation of shear bands under high rate loading is desirable for a kinetic energy penetrator

material, in that more energy should be conveyed to the object rather than dissipated for plastic

deformation of the penetrator. There has been great deal of interest in nanocrystalline tungsten

for kinetic energy penetrator applications as a prospective replacement for the chemically toxic

depleted uranium, because of its intrinsically high density and strength (36, 40-44).

1.3.2 Methodologies for the production of nanocrystalline tungsten

Two general classes of processing methodology have been developed over the past few decades

for manufacturing nanocrystalline materials: bottom-up and top-down approaches. Top-down

approaches refine a bulk coarse grained material into the nanoscale regime. Bottom-up methods

assemble bulk materials from nanostructured precursors.

One of the top-down methods for refining the grain size of tungsten is severe plastic deformation

(SPD). SPD is an extension of the concept of "redundant work" (45), where excess shear strain is

used for the sole purpose of accumulating defect energy and structural refinement. Two SPD

techniques have become typical in the research community: equal-channel-angular-pressing

(ECAP) and high-pressure torsion (HPT) as shown in Figure 1. 7 (46). ECAP can reduce the
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grain size of tungsten only to a few micron sizes due to dynamic recrystallization and grain

growth caused by its high processing temperature around 1000 'C (43). Therefore, a warm

rolling process has been proposed as a follow-on process after ECAP to obtain a grain size in the

ultra-fine grain regime (39). Another SPD processing method, HPT, is to apply high pressure and

torsion to a disk shape of tungsten (46). After a large amount of plastic strain HPT yields a finer

grain size about 100 nm (43). These SPD techniques produce W that exhibits elastic-perfectly-

plastic deformation at room temperature (no strain hardening), considerably reduced strain rate

sensitivity, and finally, shear localization in ultra-fine grained tungsten.

P P

plunger

die

support test material

(a) (b)

Figure 1.7 Principles of SPD methods: (a) high pressure torsion (HPT), (b) equal-

channel-angular-pressing (ECAP) (46).

Despite these demonstrations aimed at producing nanocrystalline tungsten, there are several

problems with bulk SPD techniques. First, these techniques dramatically limit the scale of the

products. Second, the fine grain size is not stable, and will not likely be maintained if subsequent
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processing such as hot shape forming is needed. Third, these techniques do not offer precise

control over grain size.

For bottom-up methods, nano-sized or nanostructured particles should be synthesized first, and

then these particles consolidated in a "two-step" process (43). Several studies proposed bottom-

up methodology for nanocrystalline tungsten with powders synthesized through ball milling or

high-energy milling (32, 47-53). Although they successfully achieved nano-sized grain tungsten

(5~15 nm) in the powder particles, the nanostructure was highly susceptible to thermally

activated grain growth during the consolidation process at high temperature (54, 55).

1.4 Research objectives and structure of thesis

The above studies suggest that conventional accelerated tungsten sintering methods including

solid-state activated sintering and liquid phase sintering are not applicable to nanocrystalline

tungsten powder and are not suitable for generating fine-grained structures. The aims of this

thesis are to develop a new accelerated sintering method specifically applicable to

nanocrystalline tungsten alloy powders and to achieve nanocrystalline bulk tungsten alloys via

sintering without any external forces. This thesis is comprised of three main parts.

* Chapter 2: Nanocrystalline tungsten alloy powder is synthesized through a high-energy

ball mill. The synthesized powders are physically and chemically characterized through

electron microscopy and x-ray diffraction. Finally, thermal stability of the synthesized

powders is confirmed.
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* Chapter 3: Compacts of the as-processed powder are annealed and their length change is

measured by a thermomechanical analyzer. Accelerated sintering is shown for alloys that

contain Cr, and associated with structural changes. The resulting technique is referred to

as "nano-phase separation sintering" because of the emergence of a second phase that

accelerates densification. A comparison of this approach with conventional enhanced

tungsten sintering (including solid-state activated sintering and liquid phase sintering) is

presented.

* Chapter 4 and Chapter 5: Applications of nano-phase separation sintering are explored.

First, the mechanism of nano-phase separation sintering is shown to be generally applied

to other alloy systems to accelerate their consolidation. Second, nanocrystalline bulk

tungsten alloy is achieved via nano-phase separation sintering.
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Chapter 2 Synthesis and Characterization of

Nanocrystalline Tungsten Powders

This thesis involved the production of powders of several different alloys, characterization of

those powders, evaluation of the structural evolution of those powders upon heating, and finally

characterization of the density and structural changes of the powders during a sintering cycle. To

accomplish these studies, a number of techniques and procedures were used extensively.

The sections below begin by outlining the general procedures and experimental methods used

before delving into any specific alloy system.

2.1 Synthesis and characterization procedures of powders

High-energy ball milling

The several powders were used in this thesis: average particle size (APS) 15 Pim W powder

(99.9 % purity), APS<10 tm Cr powder (99.2 % purity), APS 2~3 ptm Ni powders (99.9 %

purity), -150 mesh Ti powder (99.9 % purity), and they are all from Alfa Aesar. W and W alloys

(W-Cr, W-Ti, W-Ti-Cr), and Cr alloys (Cr-Ni) powders were produced with those commodity

powders. For the synthesis of nanocrystalline powder, high-energy ball milling was used, which

leads to grain size refinement to the nanoscale. Powders were mechanically milled or alloyed by

a SPEX 8000 high-energy ball mill in an high purity argon-filled glove box with 1 wt.% stearic

acid as a process control agent. Tungsten carbide vial and a ball-to-powder ratio of 5 to 1 were

used for milling. All synthesized powders use the same milling procedures except for milling

time (corresponding milling time is specified in each section).

X-ray diffraction
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X-ray diffraction (XRD) patterns were measured using a Panalytical X'Pert Pro diffractometer

using Cu-Ka radiation at 45 kV and 40 mA. All alloyed powders were scanned from 30 to 120

using a step size of 0.0167 and time per step of 90 sec. The phases present, lattice parameters,

and grain sizes were assessed by Rietveld refinement using a NIST LaB 6 standard.

In-situ XRD was measured using the Panalytical X'Pert Pro diffractometer with increasing

temperature at a constant heating rate of 10 'C/min under flowing ultra-high purity argon.

Diffraction patterns were collected at 850, 900, 950, 1000, and 1050 'C for three diffraction

peaks around 40, 74, and 102 degrees (2 theta) to minimize phase evolution during measurement;

each peak was scanned for less than 1 minute.

Electron microscopy

Powders were characterized using several different types of microscopy. An XL30

Environmental FEG SEM from Philips and FEI Helios NanoLab DualBeam focused in beam

were used for imaging of the powders. TEM specimens were prepared by mixing the powder in

epoxy, manually grinding a powder/epoxy disk until it was less than 1 pm thick, and then ion-

milled by a Fischione 1010 ion mill maintained at -110 'C by liquid nitrogen. Bright-field

images and diffraction patterns were acquired using a JEOL 201 OF TEM operating at 200 kV.

After individual grains were manually traced, an average grain size was estimated through their

spherical-equivalent diameters measured. Scanning transmission electron microscopy (STEM)

with energy dispersive spectroscopy (EDS) was used to obtain local composition measurements,

elemental maps and imaging of structures after powder processing. The probe size used for

measuring local composition was 0.2 nm.

Laser diffraction particle size analyzer
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The particle sizes of all powders were measured using a laser diffraction particle size analyzer

from Horiba LA950V2 which can measure particle sizes from 15 nm to few hundreds microns.

Thermomechanical analysis

Characterization of the density during a thermal exposure was accomplished by a

thermomechanical analyzer (TMA). Powder was compacted by cold press into 6 mm diameter

and 3~4 mm high cylindrical disks. This cold-pressed compact was then heated without applied

pressure at a constant heating rate (10 'C/min) under flowing Ar+3% H 2 while measuring the

change in compact density as a function of temperature and time with the TMA from Netzsch

Instruments. The force on the compact from the alumina push-rod of the TMA was 100 nm.

2.2 Nanocrystalline tungsten

Nanocrystalline tungsten was produced through a high-energy ball mill using the procedure

outlined in section 2.1. XRD patterns were acquired with various milling times as shown in

Figure 2.1 to examine the milled structure and the change in the grain size. Broadening of

tungsten peaks is observed in Figure 2.1 with milling time due to the grain size refinement and

the strain from lattice defects. Crystallite refinement to the nanoscale occurs by continuous

welding and fracturing during ball milling, and the average grain size of tungsten assessed by the

Rietveld refinement method is reduced into around 20 nm after 6 hours of milling. As shown in

Figure 2.1, the peaks of tungsten carbide start to be noticeably detected after 6 hours of milling,

which is obtained from the milling media. The as-milled grain size and the detection of impurity

match those found in literature (50).
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Figure 2.1 XRD patterns of ball-milled pure tungsten at different milling times
(Courtesy of Dr. Chookajorn).

We constructed a baseline of the sintering curve of nanocrystalline W prepared using the same

procedure outlined in section 2.1 for 20 hours of milling. The powder of nanocrystalline W was

compacted by cold press into 6 mm diameter and 3~4 mm high cylindrical disks of 0.62 relative

density. The change in compact density is shown in Figure 2.2 as a function of temperature.
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Figure 2.2 Relative density change of nanocrystalline W as a function of temperature.

As shown in Figure 2.2, nanocrystalline W does not demonstrate any rapid densification and

failed to achieve full density. The onset of sintering at low temperature and the rapid rate of

densification are apparently required to produce bulk nanocrystalline tungsten by

minimizing grain growth during a thermal cycle, and therefore the addition of an alloying

element into tungsten is desirable to accelerate consolidation.

2.3 Nanocrystalline W-Cr alloys

2.3.1 Alloying element selection

Since this thesis is concerned with production of nanocrystalline W alloys after a sintering

cycle, additives to the system should promote the retention of fine grains during the thermal

exposure. We therefore are interested specifically in alloying elements that not only may
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lowering the onset of densification, but which will have positive effects on maintaining

grain size. Chookajorn et al. studied stability of nanocrystalline tungsten alloys and

constructed a stability map for tungsten-based binary alloys with positive heats of mixing,

shown in Figure 2.3 (56, 57).
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Figure 2.3 Stability map of tungsten-based alloys populated with alloy's material
parameters (57).

Figure 2.3 represents three stability regions and binary solute additions to tungsten are classified

into these regions. The elements which lie in regions of classical and duplex nanostructures (the

green and blue region) were found to help stabilize a nanocrystalline state: Ti, Sc, Zn, Mn, Th,

Cr, Au, and In.

In addition, they experimentally confirmed thattitanium suppresses grain growth of tungsten;

nanoscale grain structure of nanocrystalline W-20 at.% Ti was retained after annealing at

1100 'C for a week (56). This promising level of thermal stability suggests that W-Ti alloys may

be suitable for consolidation, although the temperature tested by Chookajorn et al., 11000 C, still

lies below the range where tungsten would sinter. Therefore, we heated nanocrystalline W-Ti
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alloys to examine its sinterability. The relative density change of nanocrystalline W-20 at.% Ti

prepared using the same procedure outlined in section 2.1 for 20 hours of milling was measured

as a function of temperature as shown in Figure 2.4. This titanium-tungsten alloy unfortunately

shows almost no densification although it might retain the nanoscale grain size during the

thermal cycle.
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Figure 2.4 Relative density change of nanocrystalline W-20 at.% Ti as a function of
temperature.

The above result confirms that while some elements may promote thermal stability of a

nanoscale grain structure, there may still be a consolidation challenge for such powders. In the

case of W-Ti, pressureless sintering may not be a viable route to full density compacts. It would

therefore be very desirable to find an element that can not only promote nanostructure, but which

can also accelerate sintering.

Among the several elements presented in Figure 2.3, we chose to further explore chromium as an

alloying element. The map shows that this alloy pair lies in a unique regime called the "nano-
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duplex" regime, which suggests evolution of the nanostructure to a nanoscale two-phase

structure; this in turn could affect long-range transport of matter across the structure as required

for sintering. Furthermore, the W-Cr system has no intermetallic compounds at any temperature

based on the equilibrium phase diagram of W-Cr alloy in Figure 2.5. We assumed that an

intermetallic compound having strict stoichiometry might be a kinetic obstacle to densification;

the W-Cr system possesses only Cr and W rich phases up to a critical temperature.

106 20 30 40 %0

at %
60 70 8 90

Figure 2.5 Equilibrium

In the following section, we

such as the addition level of

phase diagram of W-Cr alloy (58).

show how to determine a set of parameters for powder processing

Cr and ball-milling time.

2.3.2 Cr addition level and milling time

Cr addition level

27

0
05

E
0)

3000.

2500-

2000-
1863

1500-

1000-

(Cr.WV)

18,30

((Cr,W~))., + ((Cr,VV)) 2

3422

Wo0

wCr



W and Cr powder were mechanically milled for 20 hours using the same procedure outlined in

section 2.1, and XRD patterns of as-milled W-Cr alloys were obtained with varying Cr contents

as shown in Figure 2.6, showing the broadening of tungsten peaks due to grain refinement.

Another characteristic in XRD patterns with increasing the Cr content is that the tungsten peaks

are shifted to the right. The shift of tungsten peaks suggests that Cr atoms are dissolved into W

after ball-milling process (59).

- 0 e w
A WC

A A 20 at%

15 at%

~ 10 at%
7 at%
5 at%

40 60 80 100 120

20 (degrees)

Figure 2.6 X-ray diffraction patterns of W-Cr systems with varying Cr content.

The as-milled grain size and change in the lattice parameter of W after 20 hours of ball-milling

were measured by the Rietveld refinement method and represented with increasing Cr content in

Figure 2. 7. Figure 2. 7 shows that grain sizes reach nanoscale dimensions at all Cr contents after

milling and they all have a similar grain size around 10 nm. The blue circle points in Figure 2.7

represent the change in the lattice parameter of tungsten, showing an abrupt increase between 10

and 15 at.% Cr.
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Figure 2.7 As-milled grain size and change in the lattice parameter of W-Cr systems
after ball-milling.

The solubility of Cr in W seems to be beyond the saturation limit at 15 at.%. How much Cr

dissolves into W is a very core concept in accelerating tungsten sintering kinetics which will be

discussed later. We choose W- 15 at.% Cr as a model composition for further in-depth study. We

will return briefly to other compositions after understanding the mechanisms of sintering in this

alloy system.

High-energy ball milling time

After setting the content of Cr at 15 at.%, we examined the effects of ball-milling time on

tungsten alloy powders to determine proper one. XRD patterns of W- 15 at.% Cr are shown in

Figure 2.8(a) as a function of milling time. With increasing milling time, the W peak (green

point) is broadened and shifted to the right and the Cr peak (red point) is gradually disappearing.

The as-milled grain size and change in the lattice parameter of W after ball-milling were
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measured by the Rietveld refinement method and represented as a function of milling time in

Figure 2.8(b).
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Figure 2.8 (a) X-ray diffraction patterns of W-15 at.% Cr with varying milling time. (b) As-
milled grain size and change in the lattice parameter of W- 15 at.% Cr as a function of
milling time.

The grain size (black squares) shows an abrupt drop and reaches ~ 10 nm at 5 hours of milling.

The lattice parameter change of tungsten is increasing as a function of milling time due to Cr

dissolving into W. This lattice parameter change shows a plateau after 20 hours of milling,

suggesting that the maximum solubility of Cr in W is achieved between 10 and 20 hours of

milling. Therefore, we chose 20 hours of milling for powder processing in all of the subsequent

experiments. The amount of tungsten carbide, picked-up from abrasion of the milling media, is

around 1-2 weight percent after 20 hours of milling, as assessed by Rietveld refinement.

Therefore, the following discussions will all focus upon tungsten alloy powders having a specific

Cr content of 15 at.% processed for 20 hours of milling.

2.3.3 Particle and crystalline size
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The SEM micrograph of as-milled W-15 at.% Cr after 20 hours of milling shown in Figure 2.9(a)

reveals that as-processed powder particles are micron-size in diameter.

(a)

(b) (c)

Figure 2.9 SEM and HR-SEM micrographs of nanocrystalline W-15 at.% Cr after 20
hours of milling showing (a) micron-scale particle size. (b) Bright-field TEM
micrograph of nanocrystalline W-15 at.% Cr exhibiting nanoscale grains with the inset
of selected area diffraction pattern and (c) HR-TEM micrograph showing a grain of
nanoscale dimension.

Although the refinement of the grain size into nanoscale regime is successfully achieved through

a high-energy ball mill, the particle size still remains at a micron-scale dimension. The reduction
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in particle size during ball milling is highly limited because cold-welding increases particle size

while fracturing simultaneously reduces it leading to a steady-state equilibrium particle size (60,

61). The average particle size after 20 hours of milling is 1.2 tm, which implies that the sintering

driving force with regards to surface energy is unchanged by the milling process. This is an

important point of differentiation from the sintering of nanopowders, which exhibit low sintering

temperature caused by the excess surface energy due to the use of nano-sized particles.

TEM micrographs shown in Figure 2.9(b) and (c) exhibit nanoscale W-alloy grains after 20

hours of milling as expected, and the average grain size estimated with TEM micrographs is

revealed to be 12 nm which is very close to that assessed by the Rietveld refinement method (10

nm). The comparison in size distribution between particles measured by the laser diffraction

particle size analyzer and grains is delineated in Figure 2.10. This comparison confirms that each

milled powder particle is polycrystalline with nanoscale grains (62, 63), which is an important

distinction as compared to, e.g., nanopowders, where every particle is of nanometer scale

dimension and typically is a single crystal.
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Figure 2.10 The distribution of particle and crystalline size of nanocrystalline W- 15
at.% Cr after 20 hours of milling.

So far we physically characterized as-milled tungsten alloy powders and in the following section,

we review chemical effects which a high-energy ball mill leads to.

2.3.4 Supersaturation

The selected-area diffraction pattern shown in the inset of Figure 2.9(b) only exhibits diffraction

rings from a tungsten bcc solid solution while chromium's is not visible, suggesting that Cr

atoms are dissolved into W, in agreement with the XRD results presented earlier. This tungsten

dissolution level does not align with the equilibrium phase diagram of W-Cr which expects a
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negligible equilibrium solubility of chromium in tungsten at room temperature as shown in

Figure 2.5 (58).

Atomic level mixing above an equilibrium solubility occurs during ball milling due to the severe

plastic deformation and continuous shearing across interfaces (60, 64). This non-equilibrium

process thus has been employed to synthesize supersaturated solid solutions in various

immiscible alloy systems (59, 65-68). Such forced atomic mixing by mechanical attrition in

immiscible alloy systems can sometimes be balanced by a demixing tendency to lower free

energy, which would obey a diffusional kinetics. However, in the W-Cr system the diffusion

distance at low temperature is extremely short due to low diffusion coefficients (69), which

finally leads to a supersaturated tungsten solid solution at room temperature.

We confirm this supersaturated tungsten solid solution using XRD and STEM. As shown in the

XRD pattern of Figure 2.8(a), the intensity of chromium diffraction gradually decreases with

increasing milling time and eventually disappears after 20 hours of milling. The dark field STEM

micrograph of W- 15 at.% Cr after 20 hours of ball-milling with EDS measurements of local

composition shown in Figure 2.11 also demonstrates that the Cr atoms are homogeneously

distributed over the entire tungsten particle without showing noticeable contrast variation at any

specific spot.
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(a)50n

(b) (C)

Figure 2.11 (a) Dark field STEM micrograph of nanocrystalline W-15 at.% Cr after 20
hours of ball-milling with energy dispersive spectroscopy (EDS) measurements of (b)
W and (c) Cr composition.

All datasets including XRD, TEM, and STEM clearly imply that ball milling of W-15 at.% Cr

for 20 hours generates a supersaturated tungsten solid solution.

2.3.5 Thermal stability'

The as-milled structure of W-15 at.% Cr is a non-equilibrium uniform solid solution and it is

therefore expected to evolve upon heating where phase separation should occur (57). In case of

the W-Cr system, which has a simple miscibility gap, phase separation could theoretically occur

via either one of two ways: spinodal decomposition or nucleation and growth. The mechanism of

1 The contents of this section have been published previously in reference (57).
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phase separation in as-milled W- 15 at.% Cr would be nucleation and growth instead of spinodal

decomposition for two reasons. First, the composition of 15 at.% Cr is outside of the chemical

spinodal region as shown in Figure 2.12. Second, spinodal decomposition requires the certain

amount of supercooling from a critical temperature to overcome the strain energy and the W-Cr

system needs a supercooling on the order of 1650 'C (70, 71). Therefore, a supersaturated W- 15

at.% Cr solid solution is expected to decompose at high temperatures by nucleation and growth.

1400-

100-

0 20 40 00 so 100
Cr --- w at W W

Figure 2.12 Miscibility gap in the W-Cr system (solid line) with the calculated chemical
spinodal (dashed line) (71).

The as-milled W- 15 at.% Cr powder was compacted and annealed to high temperatures at a

constant heating rate of 15 'C/min in a reducing atmosphere of argon with 3% H2 and cooled

down rapidly under flowing argon with 3% H2 after the target temperature was reached. We find

that in W- 15 at.% Cr, nano-sized Cr precipitates start to emerge near 950'C, mostly next to grain
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boundaries and triple junctions, as delineated with green lines in the bright-field TEM image of

Figure 2.13(a).

(a) TEM, 9500 C

4

(b) Simulation, 950'C (c) Simulation, 8000 C

Figure 2.13 A W-15 at.% Cr alloy after heating to 950'C and cooling. (a) A bright-field
TEM image shows the emergence of nanoscale Cr precipitates mostly next to grain
boundaries and triple junctions after annealing up to 950 C; a few such Cr domains are
encircled for clarity. For comparison, MC simulation results of the same system at (b)
950'C and (c) 800'C are shown (Simulation results are courtesy of Dr. Chookajorn).

The preferential formation of the Cr-rich phase at grain boundaries and triple junctions confirms

that the decomposition occurs via a nucleation and growth mechanism as expected; spinodal

decomposition leads to homogeneous precipitation rather than concentration at points of facile

nucleation (70).
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Heat dissipated during nucleation can be calculated using the enthalpy of mixing: Hmjx x X x

(1 - X) where H mix is the enthalpy of mixing and X is the alloy composition. When

supersaturated W-15 at.% Cr is decomposed into the W-rich and the Cr-rich phase at 950 'C,

generated heat is 2.436 kJ/mole. This estimated heat is the very upper bound because nucleation

does not occur all at once based on the low diffusivity of Cr in W (77). Temperature increase

occurred by the dissipated heat is ~98 'C calculated using the specific heat of tungsten. Such a

small amount of released heat, which would evolve gradually during decomposition and

therefore would not cause a significant temperature rise for a very long time, is unlikely to be a

significant effect on the overall sintering kinetics of the system.

Monte Carlo (MC) simulations for nanostructured W-Cr alloys were conducted to simulate an

equilibrium microstructure (by Chookajorn). Figure 2.14 shows a series of simulations of the W-

Cr systems with nanoscale grain boundaries available. The structures are shown at temperatures

from 900 to 1500'C, which capture the crossing of the solvus (the cooling procedure was

described in (57)). The size of Cr-rich precipitates here is highly refined to the nanoscale. At a

certain solute composition, the structure evolves from being both grain boundary-segregated and

phase-separated at lower temperature to displaying solute-segregated grain boundaries at high

temperature.
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Figure 2.14 Changes in equilibrium structure with Cr composition and temperature in
nanostructured W-Cr alloys, as predicted by the Monte Carlo model (57).

The microstructure experimentally observed in Figure 2.13(a) is consistent with the MC results

of Figure 2.13(b) at the same temperature, comparing qualitatively favorably in terms of

characteristic scales and prevalence of the second phase Cr particles, but with somewhat higher

volume fraction and smaller Cr particles than the simulation. This is most likely due to the short

heating cycle we used experimentally (a constant heating rate followed by gas-cooling), which

may not fully evolve the structure to an equilibrated state. Indeed, comparing with simulations at

a slightly lower temperature of 800 *C, which might be more reflective of the average time-at-

temperature conditions experienced by the experimental sample, shows an improved agreement.

The volume fraction of Cr-rich phase assessed from Figure 2.13(a) is around 17%, which

matches that of MC result at 800 'C in Figure 2.13(c) at 17%. The average size of Cr-rich grains
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in Figure 2.13(a) at -8 nm is also close to that from the 800 'C MC structure in Figure 2.13(c) at

-9 nm.
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Chapter 3 Nano-Phase Separation Sintering

The previous chapter established the procedures for synthesizing nanocrystalline alloy powder,

and led to a downselection onto the W- 15 at.% Cr alloy system for more detailed study. It also

established that the system is capable of retaining a nanoscale structure through a significant

thermal exposure, and yet undergoes a decomposition by nucleation and growth to a two-phase

"nano-duplex" structure in which Cr domains decorate the grain boundaries and triple junctions

of W grains within each powder particle.

With this background, we now proceed to explore the sintering in this system, with an eye

towards understanding the sintering mechanisms.

3.1 Density and structure changes upon heating

i) The change in density upon heating

W- 15 at.% Cr powder was ball-milled using the same procedure outlined in section 2.1 and was

then compacted by cold press into 6 mm diameter and 3~4 mm high cylindrical disks of 0.63

relative density. Cold-pressed compacts of as-milled W- 15 at.% Cr powder were heated without

applied pressure at a constant heating rate (10 'C/min) under Ar+3% H2 and cooled down rapidly

under Ar+3% H2 after the target temperature was reached. The change in compact density as a

function of time and temperature was measured with the TMA. As shown in Figure 3.1, sintering

is found to initiate at ~950 'C. Such sintering temperatures are significantly lower than typical W

sintering temperatures, which can reach 3000 'C for micron-size powders (72); recall in Figure

2.2 and Figure 2.4 that the W used in this study does not sinter appreciably for the same thermal

excursion, and a grain-size-stabilizing addition of Ti does not change this. The sintering of W- 15

at.% Cr at these temperatures is thus noteworthy.
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Figure 3.1 The change in relative density, Cr content in W solution, and lattice
parameter of supersaturated W with increasing temperature.

Figure 3.1 illustrates that nearly full density is achieved without any external pressure after 155

minutes of annealing (final density > 98%).

ii) The change in microstructure upon heating

As shown in the SEM micrograph in back-scattered mode in Figure 3.2(a), a chromium-rich

phase precipitates from the supersaturated solution upon heating. The chromium is found

covering tungsten particle surfaces in small domains and forming necks between the tungsten
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powder particles. These Cr-rich domains are delineated by the yellow, dashed lines in Figure

3.2(a).

(a) (b)

200 nm

Figure 3.2 Postsintering microstructures of W-15 at.% Cr alloy. (a) SEM in back-scatter
mode reveals a chromium-rich phase forming necks between the compact particles upon
heating up to 1300 'C. (b) A direct visualization of a Cr-rich neck adjacent to W-rich
particles is shown in the bright-field TEM image with W and Cr elemental map
(superimposed on the micrograph) using STEM-EDS.

The Cr-rich nature of the neck between the two particles is confirmed in Figure 3.2(b) through

STEM-EDS measurements of local tungsten and chromium composition, explicitly showing that

the powder particles are rich in W and the neck is rich in Cr. The interparticle contact point

where the necks form is a thermodynamically favored site for phase separation and growth;

phase separation and growth at such sites is also observed in other alloy systems (73, 74). By

assuming the classical sintering model of two spherical particles in contact with each other,

excess vacancies (AC = CO L, CO: vacancy concentration on flat surface, VO: the molar volume,

y: the surface energy, r: the radius of neck curvature, R: gas constant, T: temperature) exist over

the equilibrium concentration beneath the concave surfaces of the particle contact point. These

geometrically-induced excess vacancies cause chromium atoms to diffuse more rapidly in the
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area surrounding the contact point. This accelerated diffusion makes these sites favorable for

nucleation of the second phase. In addition to geometric effects, diffusional flow of chromium

caused by a gradient in vacancy concentration occurs more rapidly than tungsten due to its

higher diffusion coefficient (69), which results in interparticle necks enriched with chromium.

This accounts for the fact that the Cr-rich phases delineated in Figure 3.2(a) and (b)

preferentially decorate interparticle necks and the surfaces.

We also examined the microstructure of W- 15 at.% Cr at nearly full density after sintering, as

shown in Figure 3.3. We have circled in red those regions that are likely the original powder

particles, and which are now W rich, having ejected Cr from solution. Such particles tend to be

decorated around their perimeter with Cr-rich domains. The structure here is consistent with

those at lower densities presented in Figure 3.2.

2 pm

Figure 3.3 SEM micrograph in back scattering mode of W-15 at% Cr with near-full
density after sintering.

3.2 Sintering mechanism and kinetics

i) Sintering mechanism
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In order to examine the abnormal, low-temperature sintering mechanism, a detailed chemical and

microstructural analysis was performed. More specifically, the Cr content in the supersaturated

W solution was measured by STEM-EDS and lattice parameter of supersaturated W estimated by

the Rietveld refinement method were observed through a sintering cycle as shown in Figure 3.1.

The microstructures of nanocrystalline W-15 at.% Cr upon heating were examined by dark-field

STEM, with typical results presented in Figure 3.4.

5 nm 10n 0m

Figure 3.4 Dark-field STEM micrographs of nanocrystalline W- 15 at.% Cr (a) before
annealing, (b) at 950 'C, and (c) at 1100 'C.

The Cr content in the tungsten solution as function of temperature denoted as the black points in

Figure 3.1 is found to drop simultaneously with the emergence of phase separation. The Cr-rich

phases, which are seen as darker phases in dark field STEM micrographs, begin to precipitate at

grain boundaries and triple junctions at the same temperatures at which chemistry begins to

evolve (Figure 3.4(b)). The lattice parameter of the tungsten solid solution as a function of

heating temperature (the blue points in Figure 3.1), begins changing at the same temperature as

the initial observation of phase separation. All of these data verify that phase separation is

triggered around 950 'C, which is the same temperature as the onset of densification.

We attribute the onset of sintering at low temperature and the rapid rate of densification in the

W-Cr system to the nanoscale phase separation generating fast diffusion pathways for tungsten
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atoms. Once the Cr-rich phase has been ejected out of the supersaturated tungsten and formed an

interparticle neck, the solubility of W in the neck increases as temperature increases (58),

suggesting that it is capable of dissolving W atoms and providing a transport pathway. The

STEM-EDS measurement of local tungsten and chromium composition (Figure 3.2(b)) visibly

shows a large amount of tungsten dissolved in the Cr-rich neck. Therefore, we posit that

densification occurs by the W atoms i) dissolving from the particle into the neck, ii) diffusing

through the Cr-rich phase in the neck to the lower free energy sites at the neck edge, and iii)

filling and annihilating the pore between particles, which is illustrated through a schematic

structure in Figure 3.5.

Diffusion pathways
for tungsten

Figure 3.5 A schematic for densification during nano-phase separation sintering,
illustrating that chromium-rich phase provides a short-circuit diffusion pathway for
tungsten atoms, which controls the kinetics of sintering.

ii) Sintering kinetics

We identify the characteristic atomic processes which form the rate-limiting step during sintering

by determining the sintering activation energy, and corroborate the proposed sintering
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mechanism. To determine the sintering activation energy, the master sintering curve method (75,

76) was employed. The atomic flux contributing to filling the pores is related to instantaneous

shrinkage rate of a compact.

dL yf2 Dr, +Db Fb
L dt x( G3 + G 4

where y is the surface energy, f2 is the atomic volume, k is the Boltzmann constant, T is the

temperature, G is the average particle or grain size, p is the relative density, t is time, 6 is the

grain boundary thickness, D, and Db are the coefficients for volume and grain boundary

diffusion, F is a parameter which relates the driving force, mean diffusion distance, and other

geometric features of the microstructures. Assuming isotropic shrinkage, Eq. (1) can be related to

the integral form of the instantaneous densification rate as follows:

F (G (p))n t ynDO Q

3p )d p = Jk exp---) dt(2)
p3pr(p) U k RT

where Q is the sintering activation energy, R is the gas constant, p is the relative density, Do =

(D,)o and n = 3 for volume diffusion, and Do = (8Db)o and n = 4 for grain-boundary diffusion.

Eq. (2) can be rearranged into an equivalence of two terms: one including all microstructural and

materials properties (Eq. (3)) and the other which depends only on Q and the heating time-

temperature profile, T(t) (Eq. (4)).

P) G(p))' dp (3)
yf2DO J,,O 3pF(p)

t i Q
0 (t, T (t)) - exp(- -) dt (4)

fo T R T

If a single sintering activation energy exists, then is the correct value of Q will collapse all the

heating profiles of Eq. (4) onto a single curve. To assess the sintering activation energy in the W-
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Cr system, several density-temperature profiles were acquired at heating rates of 5, 10, 15, and

20 'C/min. The raw density-temperature profiles are represented in Figure 3.6. We perform the

normalization process according to Eq. (4) in the next section.

----- 5 OC/min
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Figure 3.6 Heating profiles of nanocrystalline W- 15 at.% Cr as function of temperature

with 5, 10, 15, 20 'C/min heating rates.

Figure 3. 7(a) exhibits the mean residual squares of the fitting process as a function of Q. Figure

3.7(b) illustrates normalized heating profiles at three different sintering activation energies

denoted in Figure 3. 7(a), showing dispersion between normalized profiles when the correct

activation energy is not chosen. The best convergence of heating profiles to a single curve occurs

for a sintering activation energy of 373 kJ/mol.
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Figure 3.7 (a) The mean residual squares as function of sintering activation energy, (b)
normalized heating profiles at three different activation energies denoted in (a).

This activation energy is very close to that for tungsten diffusion in chromium, 386 33 kJ/mol

(77), which is much lower than that for W self-diffusion, 550-670 kJ/mol (78) and even farther

from that for Cr diffusion in W which is 547 kJ/mol (79). This kinetics is in line with the

mechanism proposed that precipitated Cr-rich phases provide fast diffusion paths to tungsten

which is the base element controlling sintering. Therefore, the nanocrystalline W with the

addition Cr exhibits the rapid sintering rate at anomalously low temperature unlike pure tungsten

sintering itself, which possesses a much higher sintering activation energy.

iii) Driving force for sintering

The driving force for sintering in the case of nano-phase separation sintering can be estimated

using prior models, e.g., that for liquid phase sintering. A model geometry is shown in Figure

3.8, and corresponds to the one shown in Figure 3.2 or Figure 3.5. Although the model for liquid
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phase sintering is employed here, the phase between two particles in the model of Figure 3.8 is a

crystalline Cr phase instead of the liquid one that is a rapid diffusion pathway for tungsten.

Figure 3.8 A model geometry for an interparticle neck during nano-phase separation
sintering. The blue region is the crystalline Cr phase and the W particles are grey.

The driving forces for any mass-transport controlled process are gradients in chemical potentials

of the species involved in the transport. For sintering in the geometry represented in Figure 3.8,

the relevant gradient is V(p - p,) where p,, p, are the chemical potentials of a W atom and of

a vacancy, respectively. The capillary pressure at the neck provides the gradient. Therefore the

driving force for sintering is finally estimated as _a-wYcr where a is a constant, f1 is the atomic
r

volume of W, Yr is the surface energy of Cr, and r is the radius of pore as delineated in Figure

3.8. If the dominant mass transport process leading to densification is assumed to be W diffusion

through Cr, the W aomic flux can be converted to a densification rate using the microstructural

geometry following the formulation of DeHoff: - dL = Y rw !'Db where L is the length of
Ldt kTx G_4 /

the compact, y is the surface energy, G is the average particle size, t is time, S is the thickness of

the Cr-rich layer, Db are the coefficients for W diffusion in Cr, and F is a parameter which relates

the driving force, mean diffusion distance, and other geometric features of the microstructures

(76). Introducing reasonable values for each parameter at the onset of sintering into the right-

hand side of this equation (y ~ 2.3 J/m2 (80), Fr ~ 104 - 10 5 (76), Db ~1019 - 10-18 m 2 /sec
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(77), G ~10-6 m, S ~ 120 nm) results in 2.5 x 10 7 /sec ~2.5 x 10-6/sec which has the same

order of magnitude as the initial shrinkage rate (- - ) of nanocrystalline W-15 at.% Cr that we

experimentally measured, ~ 10-6/sec at the onset of sintering. This confirms that tungsten

diffusion through the Cr-rich phase at such a low temperature is sufficient to lead to the observed

change in the length of the compact.

3.3 Conditions for nano-phase separation sintering

The acceleration in densification via nano-phase separation sintering is achieved only when it is

prepared as a (i) 'supersaturated' and (ii) 'nanocrystalline' powder. To confirm that both of these

two conditions were necessary for accelerated sintering in the W-Cr system, a series of control

experiments were designed to produce powders which possessed one of these conditions at a

time, while not possessing the other. In effect, the experiments were conducted to vary

supersaturation, grain size and alloy compositions independently of one another. The results are

shown in Figure 3.9, all of which utilized micron-size powders to remove particle size effects

(Information of the particle size of each control experiment is in Appendix A).
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Figure 3.9 Changes in density of milled W- 15 at.% Cr and a series of control
experiments upon heating.

We first prepared a simple mixture of W- 15 at.% Cr in the absence of both nanoscale grains

and supersaturation. 15 at% Cr was dry-mixed with W for approximately 15 minutes

without mechanical alloying or milling. The resulting sample was a mixture of W- 1 5at.%

Cr, but had no nanoscale grain structure nor supersaturation; it met neither condition (i) nor

(ii). This powder was then compacted into 6 mm diameter and 3~4 mm high cylindrical

disks of 0.67 relative density and annealed (purple). This control showed almost no

densification, implying that the rapid rate densification is not accompanied without both

alloy supersaturation and nanocrytallinity within a particle. In addition, this result also
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implies that the enhanced sintering kinetics does not arise from the simple chemical effect of

chromium.

The next controls are pure nanocrystalline tungsten and nanocrystalline tungsten with an

addition of 15 at.% microcrystalline chromium and 15 at.% nanocrystalline chromium. In

case of pure nanocrystalline tungsten, pure tungsten was mechanically milled using the same

procedure outlined in section 2.1. The resulting sample had a grain size of 10 nm as revealed

by the Rietveld refinement method, but no Cr, and thus met condition (ii) but not (i). This

powder was then compacted into 6 mm diameter and 3~4 mm high cylindrical disks of 0.62

relative density. In the case of pure nanocrystalline tungsten with the addition of

microcrystalline chromium, powder of 15 at.% Cr was added to pure nanocrystalline W with

a dry mixing method for approximately 15 minutes without milling or mechanical alloying.

The resulting sample comprised W with a grain size of 10 nm as revealed by the Rietveld

refinement method, and contained chromium, but not in an alloyed or supersaturated

condition; it met condition (ii) but not (i). This powder was then compacted into 6 mm

diameter and 3~4 mm high cylindrical disks of 0.63 relative density. In case of pure

nanocrystalline tungsten with the addition of nanocrystalline chromium, powder of 15 at.%

nanocrystalline Cr, produced using the same procedure outlined in section 2.1, was added to

pure nanocrystalline W with a dry mixing method. The resulting sample comprised W

particles with a grain size of 10 nm and Cr particles with a grain size of 17 nm as revealed

by the Rietveld refinement method, but not in an alloyed or supersaturated condition; it met

condition (i) but not (ii). This powder was then compacted into 6 mm diameter and 3-4 mm

high cylindrical disks of 0.65 relative density.

These pure nanocrystalline tungsten (magenta) and nanocrystalline tungsten with the
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addition of microcrystalline chromium (dark blue) and nanocrystalline chromium (yellow)

were annealed. As shown in Figure 3.9, they do not demonstrate any rapid densification,

suggesting that nanocrystallinity alone is not sufficient to achieve the observed rapid

sintering.

The last control is supersaturated W- 15 at.% Cr with micron-scale grain produced by the

following procedure. W-15 at% Cr powders were mechanically milled in a SPEX 8000

high-energy mill for 30 minutes using tungsten carbide media without any process control

agent. The resultant powder was then sealed in a quartz tube, first evacuated to 10-6 Torr

using a turbo pump, and then backfilled with high-purity argon gas to 120 Torr. The sealed

ampoule was annealed in a furnace at 1400 'C for 20 hours and then quenched. The

resulting powder was a supersaturated W(Cr) solution, but with a coarse grain size in excess

of one micron; it met condition (i) but not (ii). This tungsten solid solution powder was then

compacted into 6 mm diameter and 2~3 mm high cylindrical disks of 0.65 relative density

and annealed (dark gray). This compact does not display any acceleration on its density

change due to the fact that chromium diffusion coefficient in tungsten is extremely low, e.g.

~10-27 m2/s at 1000 'C (79), which does not enable Cr-rich precipitates to form at low

temperature. This result clearly demonstrates that a supersaturated solid solution alone is not

enough to accomplish nano-phase separation sintering.

When the two features, alloy supersaturation and nanocrystallinity, are simultaneously

combined, the compact finally densifies with a rapid rate and a low onset temperature for

sintering at ~950 'C (red curve). For the comparison with sintering of chromium, the

compacts of pure Cr and pure nanocrysatalline Cr were prepared. APS<10 [tm pure
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chromium powder Cr powder purchased from Alfa Aesar was compacted into 6 mm

diameter and 3~4 mm high cylindrical disks of 0.67 relative density and annealed (green).

Nanocrystalline Cr was mechanically milled using the same procedure outlined in section

2.1. The resulting sample had a grain size of 17 nm as revealed by the Rietveld refinement

method; it was nanocrystalline but contained no alloying additions, and thus met condition

(ii) but not (i). It also contained no tungsten, and provides a limiting case if the kinetics of

densification were dominated by the low melting point of Cr in W-Cr systems. This powder

was compacted into 6 mm diameter and 3-4 mm high cylindrical disks of 0.66 relative

density and annealed (cyan). As shown in Figure 3.9, the sintering onset temperature of

nanocrystalline W- 15 at.% Cr (red) is even lower than both the onset for pure chromium

sintering and for pure nanocrystalilne chromium sintering.

The low onset of sintering and rapid rate of densification in nanocrystalline W- 15 at.% Cr

apparently result for two reasons. First, nanoscale grain size along with a number of crystal

defects generated during ball milling can facilitate short-circuit diffusion pathways and

heterogeneous nucleation of the Cr-rich phase, which thus permits second phase nucleation

in a much shorter time and with a higher number density of nuclei. Second, crystal defects

homogeneously distributed over a whole powder volume provide possible nucleation sites

which increases the possibility of generating fast diffusion pathways through every powder

particle by allowing a second phase to preferentially and uniformly decorate particles and to

form interparticle necks. This was confirmed by closer examination of supersaturated W- 15

at.% Cr with micron-scale grains (dark gray). In the micron grain size sample, nucleation of

second phases takes a much longer time, and the locations of the precipitates are highly
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random. As the precipitates are not properly located on necks, this does not create fast

diffusion paths through which powder particles can exchange mass.

3.4 Comparison to conventional enhanced sintering

There are many other, well-studied methods for enhancing the sintering kinetics of high

temperature materials such as tungsten. The two main methods for accelerating tungsten

sintering are activated sintering and liquid-phase sintering. It is instructive to compare nano-

phase separation sintering to these two conventional methods. In addition, we will also compare

nano-phase separation sintering with seed assisted sintering which is a well-known method for

the production of ceramic materials.

3.4.1 Sintering mechanism

i) Seed assisted sintering

Both seed assisted sintering and nano-phase separation sintering involve the precipitation of a

second phase during sintering. However, mechanistically they are quite different, because the

function of the second phase in accelerating sintering is very different. Nano-phase separation

sintering employs nucleated phases as a fast transport layer that preferentially decorates

interparticle necks, and which thereby directly increases the diffusivity of the base element and

thus the densification rate. In contrast, seed assisted sintering uses nucleated phases in a

structural way; a high number of density of nucleated "seeds" prohibit the formation of a

micrometer scale phase, which significantly discourages sintering at low temperature.
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In addition, since nano-phase separation and seed assisted sintering use the second phase in a

different way, the conditions for selecting it are also different. For example, ceramic oxide seed

particles should be isostructural with the final phase for effective heterogeneous nucleation in the

case of seed assisted sintering (81, 82). However, a low melting point element that need not be

isostructural is required in the case of nano-phase separation sintering in order to obtain

increased diffusivity of a base element during sintering.

Finally, the different usages of the second element between these two mechanisms naturally

induces dissimilar microstructures; the second element is preferentially located on particle

surfaces and interparticle neck regions in the case of nano-phase separation sintering as shown in

Figure 3.2, but is uniformly distributed in the bulk in the case of seed assisted sintering. In the

following sections, we review the mechanisms of solid state and liquid phase sintering, and

provide further evidence that nano-phase separation sintering operates with a distinct

mechanism.

ii) Solid-state activated sintering

According to a recent theory of solid-state activated sintering (20, 83), a nanometer thick

disordered layer provides a fast transport layer to tungsten atoms, which accelerates sintering

kinetics as discussed in section 1.2. The stabilization of a nanometer thick disordered layer could

be possible between powder particles even below the bulk melting temperature as shown in

Figure 1.2 if the free energy penalty for forming the undercooled liquid film is over-compensated

by the reduction in the interfacial energies represented (for details, see section 1.2).
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2nm

Figure 3.10 The crystalline phase between tungsten and chromium-rich layer at 1300 'C

produced by nano-phase separation sintering.

However, as shown in Figure 3.10, no such amorphous phase was observed between particles in

the case of nano-phase separation sintering even at 1300 'C. We therefore conclude that nano-

phase separation sintering is distinct in mechanism from solid-state activated sintering. The

distinction can be also quantitatively confirmed by thermodynamic calculations; the value of Ay

of Eq. (1) in the W- 15 at.% Cr system computed using the CALPHAD method is 72.4 mJ/m2

even at 2795 'C, right below melting temperature. This quantitative analysis confirms that

forming a disordered intergranular film is thermodynamically unfavorable.

iii) Liquid phase sintering

We measured the size of the Cr-rich layer for several specimens, which were at different

densities and attained at different temperatures. Figure 3.11 shows the Cr layer thickness as a

function of temperature during a TMA heating cycle. The size of the Cr-rich layer may be

constant over the range of temperatures relevant to nano-phase separation sintering. What is
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more, the trend in Figure 3.11(a) suggests a possible increase in the Cr layer thickness. The

increasing layer thickness as a function of density is at odds with the trends observed in liquid

phase sintering, where densification would lead to flow and compression of these layers.

(a)
3001
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N

C)

200-

100-

(b)
III

1100 1200 1300 1400
Temperature (0C)

Figure 3.11 (a) The thickness of the Cr-rich layer during sintering as a function of

temperature. (b) SEM micrographs in back-scatter mode of W- 15 at.% Cr at various

temperatures.
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Therefore, the densification shape change is accommodated by W relocation, not the mechanical

squashing of the Cr phase. This is in contrast to liquid phase sintering, where the second phase

accommodates the shape change. The W-Cr phase diagram provides additional evidence that

liquid-phase sintering is not active; the temperature where liquid phase starts to appear is around

2800 OC in the W-15 at.% Cr system (58), which is much higher than the onset of sintering,

-950 0C.

(a)

(b) (c)

Figure 3.12 The comparison is illustrated with typical microstructures of (a) nano-phase
separation sintering, (b) liquid phase sintering (26), and (c) solid-state activated
sintering (21).

The microstructures resulting from nano-phase separation, liquid phase, and solid-state activated

sintering are shown in Figure 3.12. In liquid phase sintering (26), Figure 3.12(b), W particles are
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embedded in a liquid matrix that is a rapid transport path. In solid-state activated sintering (21),

Figure 3.12(c), a disordered film at grain boundary acts as a rapid transport path. In nano-phase

separation sintering, Figure 3.12(a), the separation of the supersaturated solution decorates the

interparticle necks with a second solid phase that is a rapid diffusion pathway. Therefore, nano-

phase separation sintering is distinct in both mechanism and resulting microstructure from solid-

state activated sintering and liquid phase sintering.

3.4.2 Grain size

As retention of fine grain sizes during sintering is of technological importance, the

microstructure of the compacts was investigated. The SEM micrograph in Figure 3.13(a) shows

the final microstructure of the fully sintered compact of nanocrystalline W- 15 at.% Cr after the

sintering cycle of Figure 3.1. Figure 3.13(b) details the change in the compact's grain size as a

function of relative density. The compact exhibits an average grain size in the range of 500~800

nm above 90 % relative density.
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Figure 3.13 (a) The SEM micrograph of W-15 at.% Cr after sintering. (b) The change in

grain size of W- 15 at.% Cr as function of density.

Although the compact in Figure 3.13(b) was produced using an unoptimized arbitary thermal

cycle of constant heating rate, the grain size attained through nano-phase separation sintering is

found to be much smaller at comparable relative density compared to those of other sintered

products. For example, solid-state activated sintering results in grain sizes from 3~50 microns

(20, 21, 84) and liquid phase sintering results in grins sizes less than 100 microns (26, 27, 29,

85). Evidently, nano-phase separation sintering is more suitable for producing nano- or ultrafine

grained structures (30). Figure 3.14 visually represents each sintering method in terms of its

achievable grain size and relative densities. Nano-phase separation sintering occupies a unique

area of grain size-relative density map.
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Figure 3.14 The comparison of nano-phase separation sintering with activated sintering

and liquid phase sintering with regards to grain size and relative density of sintered

tungsten alloys.

The fine grain size which results from nano-phase separation sintering could be accomplished by

second phase pinning as well as grain boundary segregation. In addition to the kinetics aspect,

the fine grains of W-Cr system have also been identified to be thermodynamically stabilized

where entropic stabilization induces an equilibrium state (57). Nano-phase separation sintering is

a promising method to produce fine-grained materials, and further optimization of alloy

composition as well as the temperature-time cycle should permit a large measure of control over

grain sizes in the ultrafine-to-nanoscale range in full-density sintered products.

3.5 The effect of process variables
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3.5.1 Milling time

The effect of milling time of W- 15 at.% Cr on powder densification behavior was investigated.

Figure 3.15(a) shows the change in relative density of several compacts of W-15 at.% Cr as

function of temperature for several different milling times. The densification is gradually

accelerated with increasing ball milling time.
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Figure 3.15 (a) The change in the relative density of W-15 at.% Cr as a function of

temperature for powders milled for various times. (b) The relative density at 1300 'C

(black), change in lattice parameter before annealing (red), and as-milled grain size

(blue) of various samples as a function of milling time.

Figure 3.15(b) delineates the amount of relative density change at a specific temperature of

1300 'C (square points) and lattice parameter change before annealing (circle points) as a

function of milling time. It is informative that these two parameters follow the same trend. The
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change in the tungsten lattice parameter after milling represents the degree of supersaturation,

suggesting that more Cr is dissolved into W with increasing milling time. More dissolved Cr

leads to more precipitation of Cr-rich phases at high temperatures. Such precipitates are needed

to form the Cr-rich neck between tungsten particles where accelerated sintering actually occurs.

This result aligns with no densification of W-Cr 15 at.% in the absence of supersaturation (purple

line) in Figure 3.9; it is the amount of the precipitated Cr-rich second phase rather than initial Cr

content before milling that causes the rapid rate of densification. One thing to note in Figure

3.15(a) is that the onset of sintering of each compact is gradually pulled down to lower

temperature with increasing milling time. This is due to the fact that increasing supersaturation

lowers the activation barrier to nucleation; the critical free energy of nucleation of the Cr-rich

phase scales as AGcrit oC 1/(InS) 2 , S: the degree of supersaturation, and AGcrit: the critical free

energy of nucleation (86). The lower activation barrier leads to noticeable second phase

precipitation at lower temperatures. In addition, increasing milling time leads to more crystal

defects which become possible heterogeneous nucleation sites and also assist the early onset of

sintering. Volume fraction of crystal defects within the powders is roughly proportional to the

inverse grain size. Measurements of the grain size as shown in Figure 2.8(b) demonstrate that the

volume fraction of crystal defects increases abruptly during the first 5 hours of milling.

3.5.2 Cr content

The effect of Cr content before ball milling on densification was investigated through isochronal

milling of powders with varying Cr content. Figure 3.16 shows the sintering curves of the

resulting powders, demonstrating that the rate of densification increases with increasing Cr

content.
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Figure 3.16 The change in relative density of W-Cr systems with various initial Cr

contents.

Since the degree of supersaturation increases with increasing initial solute content (60), more Cr

is available in solution to precipitate and form the Cr-rich necks needed to accelerate sintering.

The above discussion in 3.5.1 and 3.5.2 suggests that a variety of sintered compacts with

different densification behavior could be obtained by controlling alloy composition and ball

milling time.

3.6 Applicability to larger samples

In order to confirm that the mechanism of nano-phase separation is insensitive to sample size, a

15 mm diameter and 11 mm height cylindrical sample was sintered in a normal high temperature

furnace under Ar + 3% H2 atmosphere. The sample shown below in Figure 3.17, achieved full
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density (> 98%) under the same conditions specified in section 3.1, verifying that the mechanism

of nano-phase separation sintering remains operative at larger sample sizes and in a conventional

furnace.

ab

Figure 3.17 The large size sample of W- 15 at.% Cr (a) before sintering, in the as-
pressed condition and (b) after pressureless sintering in a furnace and cleaning.

We thus believe that the mechanism of nano-phase separation sintering is a fundamentally

scalable process and that this method thus could be useful in industrial settings.
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Chapter 4 Generalization to Other Systems

The above section demonstrated a dramatic acceleration of sintering in a nanocrystalline W- I 5at.% Cr

alloy, and this acceleration was argued to arise specifically due to the nature of the system as being both

nanocrystalline, and capable of phase separation to develop rapid transport pathways during the sintering

cycle. The specific example of W-Cr is interesting and potentially useful for applications such as those

described in the introduction. However, the prospect of a new, generalizable rapid sintering method for

many different nanostructured alloys increases the potential application of this thesis research many fold.

In this chapter we discuss the conditions under which the same kind of accelerated sintering might be

possible in other alloy systems, and proceed to provide a proof-of-concept demonstration for a second

(non-tungsten) alloy system.

4.1 Thermodynamic conditions for nano-phase separation sintering

Nano-phase separation is accomplished only when the system is processed as a non-equilibrium

supersaturated' and 'nanocrystalline' powder, as established for the W-Cr system through the

several control experiments in section 3.3. With increasing temperature, the system evolves

toward equilibrium, and its thermodynamic characteristics can help understand how phases

behave upon heating.
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Figure 4.1 A model binary phase diagram showing the optimum spot and three

thermodynamic conditions for nano-phase separation sintering.

Figure 4.1 shows a model binary phase diagram on the composition and temperature axes,

delineating the features that we believe to be conducive to nano-phase separation of an A-rich

alloy. A system that would exhibit nano-phase separation sintering would tend to lie at a location

such as that denoted by the star at the sintering temperature of interest. The optimum condition

would be at a composition within the a + P region. The key thermodynamic features of nano-

phase separation sintering could be categorized into three parts.

1. First, a binary alloy pair should possess a phase separation region in order to achieve a

supersaturated powder after processing. In addition, this phase separation region should

be extended above a sintering temperature of interest so that system can still retain the

driving force for phase separation at a sintering temperature. In order that a relatively

70

Sintering
temperature

L

L + a L

Sintering spot a +
............................

(i) Phase separation



low level of alloying can be used to accelerate sintering, a low solubility of B in the A-

rich phase would seem to be preferred.

2. Second, the minority element (B) should provide a fast transport pathway to the base

element (A) atoms. To a first approximation, the diffusion rate should scale with the

melting temperature of the second element, which therefore should have a lower melting

temperature than the base element. A larger difference in melting temperatures would

lead to the onset of sintering of the base element at a lower temperature and a faster

densification rate.

3. Third, the precipitated second phase should be capable of dissolving the base element

which, as temperature increases, diffuses through the second phase, acting as a fast

transport layer on particle surfaces and necks. Therefore a high solubility of A in the B-

rich phase is preferred.

These thermodynamic characteristics align with those of the equilibrium phase diagram of the

W-Cr system as shown in Figure 2.5. Other binary systems which satisfy three thermodynamic

conditions discussed would include at least the following: Fe-Mo, Fe-Ni, Mn-Ti, Mn-Ni, Fe-Mn,

Mo-Ni, Mo-Ru, W-Ru, Mo-Re, Ni-Ru, Nb-Ni, Ni-V, Pd-Ta, Pd-Rh, Re-W, Pt-W, Hf-Ta, Ta-V,

Al-Zn, Ag-Al, Ag-Cu, Ag-Pt, As-Ge, Au-V, Au-Ni, Ni-Be, Be-Cu, Co-V, Co-Cu, Co-Ti, Mo-Cr,

Cr-Re, Cr-Fe, Cr-Ru, Cr-Nb, Cr-Ni, Cr-Ti, Cu-Mn, Ag-Cu, Cu-Ti, Fe-Ti, and Fe-V.

As a first step to establish the generality of this approach, we select one of these systems to

subject to further proof-of-concept testing. Since Cr is another metal known to be challenging to

sinter, we select it as the base metal for this experiment. The equilibrium phase diagram of Cr-Ni

in Figure 4.2 shows that the Cr-Ni system satisfies three thermodynamic conditions: (i) the Cr-Ni

system exhibits a miscibility gap, (ii) nickel has a significantly lower melting temperature than
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chromium, and (iii) the Ni-rich phase has a large solubility of Cr, but the Cr-rich phase has a

relatively lower solubility for Ni; the Ni-rich phase is therefore formed at relatively low Ni

additions, and would tend to dissolve (and transport) a great deal of Cr.

1863

18004

NL

1600

1455

1400.

4134

1200.

4)
000

800 ............... .. ................................. 4)

600

...............................................................
0.10 20 30 40 50 60 70 80 90 100

Cr at. % Ni

Figure 4.2 Equilibrium phase diagram of Cr-Ni alloy (58).

4.2 The Cr-Ni system

In order to achieve nanocrystallinity, one of the conditions for nano-phase separation sintering,

high-energy ball milling was employed for the purpose of the grain refinement, similar to the W-

Cr system in Chapter 2. Cr and Ni powder were mechanically alloyed using the same procedure

outlined in section 2.1 for 15 hours of milling and the resultant alloyed powder was

characterized.
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4.2.1 Characterizations of pre-sintering powders

i) Supersaturation

Extended solubility in the Cr-Ni system could result from forced atomic mixing during high-

energy ball milling (65-68), which is established through XRD, TEM-selected area diffraction,

and STEM-EDS. XRD patterns of Cr- 15 at.% Ni are measured with increasing milling time from

0 to 15 hours as shown in Figure 4.3(a) which shows a gradual decrease in the intensity of Ni

peaks denoted by the red stars. Figure 4.3(b) represents the change in the Cr (110) peak, which

eventually disappeared after reaching 15 hours of milling.

(a) oCr (b)
* Ni

0 hr
2 rhr

0

4 0 hr
C

--- hrs
4 hr -- hrs

15 hr---- -15 hrs

40 60 80 100 120 50 51 52 53 54

20 (degrees) 20 (degrees)

Figure 4.3 (a) X-ray diffraction patterns of Cr-15 at.% Ni with various milling time (b)

The change in the Ni (110) peak with increasing milling time.

After 15 hours of milling, the electron diffraction pattern of Cr-15 at.% Ni shown in the inset of

Figure 4.5(b) displays only chromium bcc rings without showing any diffraction spots related to

nickel, implying that Ni is completely dissolved into Cr. This chromium solid solution would not
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be expected based on the equilibrium phase diagram of Cr-Ni system which depicts complete

separation at room temperature due to almost no Ni solubility in Cr as shown in Figure 4.2 (58).

The resultant solid solution also aligns with the elemental measurement of Cr and Ni obtained

through STEM-EDS along with the dark-field STEM image in Figure 4.4, showing that Ni is

uniformly distributed over the Cr particle in absence of a perceptible contrast distinction.

(b)

(a)

(c)

Figure 4.4 (a) A dark-field STEM micrograph of nanocrystalline Cr-15 at.% Ni after 15
hours of ball-milling with energy dispersive spectroscopy (EDS) measurements of (b)
Cr and (c) Ni.

All datasets acquired from XRD, TEM, and STEM-EDS indicate that Cr- 15 at.% Ni turns into a

supersaturated solid solution after 15 hours of high-energy milling.
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ii) Particle and grain size

The TEM micrograph of as-milled chromium with an addition of 15 at.% nickel in Figure 4.5(b)

exhibits nanoscale grains. The average grain size is 12 nm, which is in agreement with the value

assessed by the Rietveld refinement method.

Figure 4.5 (a) An SEM micrograph and (b) a TEM micrograph of the as-milled Cr-15
at.% Ni powder.

As seen in ball milling processing of other alloy powders (62, 63), Cr-15 at.% Ni after 15 hours

of milling is also composed of microscale polycrystalline particles with nanoscale grains. The

SEM micrograph in Figure 4.5(a) shows micron-sized particles of the as-milled powder, and

their average size measured by the laser diffraction particle size analyzer is 4.3 pm (Figure 4.6).
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Figure 4.6 The comparison of grain and particle size distribution of as milled powder of
Cr-15 at.% Ni after 15 hours milling.

The comparison in size distribution between particles and grains in Cr- 15 at.% Ni after 15 hours

of milling is facilitated by Figure 4.6, which illustrates each particle being constituted of

nanoscale grains.

4.2.2 Characterizations of post-sintering bulk

i) Density changes
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As-milled nanocrystalline Cr-15 at.% Ni powder was compacted and heated using the same

procedure outlined in section 3.1. The change in density of the compact was measured using the

TMA as a function of temperature without any external force. As shown in Figure 4.7, the

compact (labeled nc-Cr( 15 at% Ni)) starts to densify at low temperature, -600 'C, and shows an

abrupt surge in the relative density at around 1050 'C.
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Figure 4.7 Changes in relative density of nanocrystalline Cr-15
series of control experiments upon heating.

The acceleration of consolidation is more drastically revealed when

conventional chromium powder (micron-sized particle, labeled Cr);

relative density while nanocrystalline Cr-15 at.% Ni displays a 0.29
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1400 'C. Even with the addition of 5 at.% Ni into Cr, densification is accelerated (nc-Cr(5 at%

Ni). Multiple control experiments (nc-Cr, nc-Cr+5 at% Ni, Cr+5 at%Ni, Cr (5 at% Ni)) related to

Cr-5 at.% Ni were prepared using the same procedure outlined in section 3.3 and heated as

shown in Figure 4.7. Their poor sinterability supports the idea that the accelerated sintering in

Cr-Ni systems is achieved by nano-phase separation sintering.

ii) Structure changes

High-energy ball milling generates a non-equilibrium Cr- 15 at.% Ni, suggesting that the second

Ni-rich phase would precipitate at high temperature. Based on the mechanism of nano-phase

separation sintering, this Ni-rich precipitated phase, which preferentially decorates particle

surface and forms an interparticle neck (73, 74), would offer a fast transport layer for Cr atoms,

which accelerates the sintering kinetics of chromium. Thus, one of the most crucial check points

in microstructure is whether a Ni-rich phase precipitates and consequently forms interparticle

necks between the chromium particles after the onset of sintering. An SEM-EDS measurement of

local chromium and nickel composition superimposed on the SEM micrograph in Figure 4.8(a)

visually illustrates a Ni-rich neck and Cr-rich particles. This SEM-EDS measurement suggests

that a Ni rich-phase is ejected out of the supersaturated chromium solid solution upon sintering

and preferentially deposited between two Cr-rich particles.
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(a) (b)

500 nm 20 pm

Figure 4.8 Post-sintering microstructures of Cr-15 at.% Ni alloy. (a) The SEM

micrograph with EDS measurements of local composition of Cr and Ni reveals a nickel-

rich phase forming necks between the compact particles upon heating. (b) A direct

visualization of Ni-rich necks entirely enclosing Cr-rich particles is shown with Cr and

Ni elemental measurement (superimposed on the SEM micrograph) using SEM-EDS.

In addition, a substantial amount of dissolved chromium in the Ni-rich neck as shown in Figure

4.8(a) indicates that the Ni-rich phase is capable of dissolving and transporting Cr atoms, which

is expected with increasing temperature based on the equilibrium phase diagram of the Cr-Ni

system (58). The microstructure after sintering is presented in Figure 4.8(b), showing the Ni-rich

precipitates completely enclosing the Cr-rich particles. The acceleration on sintering kinetics of

nano-phase separation sintering is accompanied by the exquisite usage of the fact that sintering is

generally all about the transport of atoms to the neck between particles and that this very neck is

thermodynamically favorable for phase separation.

iii) Sintering activation energy and kinetics
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Assessing the characteristic quantity of a sintering activation energy and comparing it to a

reference are significant for quantitatively corroborating that nano-phase separation sintering is

in active operation. The master sintering curve method (75, 76) is used to estimate the sintering

activation energy. The several density-temperature profiles of nanocrystalline Cr- 15 at.% Ni

were acquired at heating rates of 3, 5, 10, 15, and 20 'C/min. The raw density-temperature

profiles are represented in Figure 4.9.

3 OC/min
--- 5 oC/min

- 10 OC/min -. <;

0.9 ---- 15 OC/min
----- 20 *C/min /

0.8
cc~

0.7

800 1000 1200

Temperature (0C)

Figure 4.9 Density-temperature profiles of nanocrystalline Cr-15 at% Ni as a function
of temperature at heating rates of 3, 5, 10, 15, and 20 'C/min.

Sintering profiles collected over several heating rates are normalized to ft 1 exp(- Q) dt. The0 T RT

correct value of Q is evaluated when all the normalized heating profiles are collapsed onto a

single curve. The mean residual squares as a function of sintering activation energy in
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nanocrystalline Cr- 15 at.% Ni is presented in Figure 4.10(a), showing the minimum value at 265

kJ/mol.

-Master Sintering Curve
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Figure 4.10 (a) The mean residual squares as a function of sintering activation energy,

(b) normalized heating profiles at different activation energies at three activation

energies denoted in (a).

Several normalized heating profiles at different activation energies which are denoted as three

points in Figure 4.10(a) are presented in Figure 4.10(b), showing dispersion between normalized

profiles when the correct activation energy is not chosen. Normalized heating profiles converge

into a single curve at the best-fit sintering activation energy of 265 kJ/mol. This value is very

close to the diffusion activation energy of chromium in nickel, 273 kJ/mol (87), and is much

lower than for chromium self-diffusion, 435 kJ/mol (88), which normally controls the sintering

of Cr. The assessed sintering kinetics therefore conform to the expected sintering mechanism of

nano-phase separation sintering where Ni-rich precipitates provide short-circuit diffusion paths

to Cr atoms.
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Chapter 5 Production of Nanocrystalline Bulk Tungsten

Alloys

5.1 Stabilizer for suppressing grain growth

Not only is nano-phase separation sintering suitable specifically for nanostructured alloys, the

addition of second phases and alloying elements is generally useful to retain nanocrystalline

structures during a thermal cycle. This mechanism thus lends itself naturally to the production of

fine-grained materials; ultrafine W-Cr bulk specimen could be achieved through nano-phase

separation sintering in Chapter 3. One clear direction for additional work on this consolidation

method is to consider not only the addition of a sintering accelerator, but to further include a

ternary element to additionally suppress grain growth. When both inputs, an accelerator and a

stabilizer, are employed together, nanocrystalline bulk alloys could be achieved.

In order to produce nanocrystalline bulk tungsten alloys, we should first consider which element

is proper as a stabilizer for tungsten alloys. As discussed in section 2.3.1, Chookajorn et al.

studied stability of nanocrystalline tungsten alloys and constructed a stability map for tungsten-

based binary alloys with positive heats of mixing, shown in Figure 2.3 (56, 57). Among such

alloying elements, we chose Ti as a stabilizer for two reasons. First, Ti has been experimentally

proved to inhibit grain growth in nanocrystalline tungsten alloy during a thermal cycle (56, 89).

The TEM micrograph of the W-20 at.% Ti alloy microstructure after high-energy ball milling as

shown in Figure 5.1(b) exhibits nanoscale grains and the average grain size is 22 nm.
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As-Milled Structure

A W-20 at.% Ti 1100 *C
, Annealed I week

24 nm

Unalloyed W
W-20 at.% Ti Annealed -

0) As-milled 604 nm
22 nm

10 100 1000
Grain Size (nm) -One-week anneal at 1100 *C-,

Unalloyed W W-20 at.% Ti Alloy 4

Figure 5.1 Pre- and postannealing grain structures of tungsten powders after one week

at 11 00 C. (a) The grain size histograms reveal only a minor change in the W-20 at. %

Ti alloy after prolonged annealing and an almost two-orders-of-magnitude coarsening in

unalloyed W. (b) The bright-field transmission electron microscopy (TEM) image

shows a uniform distribution of nanometer-sized grains in the as-milled structure of the

W-20 at. % Ti alloy, with the dark-field TEM image (inset) showing different

diffracting crystallites. The postannealing structures vary with alloying: (c) a coarsened

grain structure in unalloyed W, presented in a focused ion beam image, and (d) a

retained nanocrystalline structure in W-20 at. % Ti, shown in a bright-field TEM image

with a dark-field TEM (inset) (56).

After annealing at 1100 'C for a week, unalloyed W displays an average grain size of around 604

nm. In contrast, W-20 at.% Ti exhibits an average grain size of 24 nrn which is almost the same

as the milled powder, showing that Ti successfully suppresses the grain growth of tungsten

during a thermal cycle. However, as shown earlier in Figure 2.4, Ti does not accelerate sintering
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of W. The possible addition of Cr as a sintering accelerator is therefore of interest for this

system. The Ti-Cr system is a compatible one: the two elements alone form a solution at our

processing temperatures based on the equilibrium phase diagram of Cr-Ti alloy shown in Figure

5.2 (90). It therefore seems plausible that the two elements might be combined to improve both

the sinterability and thermal stability of the nanostructure in W.
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Figure 5.2 Equilbrium phase diagram of Cr-Ti alloy (90).

5.2 Synthesis of W-Ti-Cr alloys

For grain refinement of powders, high-energy ball milling is employed as we did with all of the

systems described in Chapter 2 and Chapter 4. W, Ti, and Cr powder were mechanically alloyed

using the same procedure outlined in section 2.1. For finding a proper alloy's composition, we

started with W- 15 Ti-15 at.% Cr and annealed it using the same procedure outlined in section

3.1. The change in compact density is shown in Figure 5.3.
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Figure 5.3 Change in relative density of nanocrystalline W-15 Ti-15 at.% Cr (red) and

W-20 at.% Ti (grey).

Nanocrystalline W-20 at.% Ti alloy, which is free of the accelerator, Cr, was also prepared and

annealed for comparison purposes. In contrast to nanocrystalline W-20 at.% Ti alloy,

nanocrystalline W- 15 Ti- 15 at.% Cr starts to densify at low temperature and shows a rapid rate

of densification. The grain size of W-15 Ti-15 at.% Cr after sintering is -230 nm (shown in

Table 5.1) which is much lower than that of W- 15 at.% Cr without a stabilizer, Ti in section 3.4

(~840 nm). Figure 5.3 demonstrates that nano-phase separation sintering remains operative in the

ternary alloy W-Ti-Cr system through the addition of chromium and that bulk nanocrystalline

tungsten alloys could be achieved with control over the grain size through changing alloy

compositions.
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Table 5.1 presents the information of several W-Ti-Cr alloys that we studied, including grain

sizes and relative densities of sintered products and final heating temperatures.

Table 5.2 Information of W-Ti-Cr alloys.

Alloy Initial Final Final

composition relative relative temperature dXRD ( tm) 2  dSEM (pm) 3

(at.%) density density (OC)

W-30Ti-IOCr 0.68 0.935 1350 > 0.1 0.135

W-3OTi-IOCr 0.68 0.98 1410 > 0.1 -

W-15Ti-15Cr 0.663 0.97 1490 > 0.1 0.227

W-20Ti-15Cr 0.662 0.986 1500 > 0.1 0.264

1350

W-35Ti-lOCr 0.69 0.983 (Isothermal 0.092 0.1holding for
7 min) _

Clearly, with some changes in the alloy chemistry and the thermal cycle used in sintering, the

ternary W-Cr-Ti system should be amenable to a great deal of tuning to achieve an optimum

combination of density and fine grains. Among the samples produced in Table 5.1, the last one

listed has the best combination of these parameters, being genuinely nanocrystalline with d~ 100

nm and nearly fully dense. This alloy is examined in more detail below.

Figure 5.4 exhibits X-ray diffraction pattern of as-milled W-35 Ti-10 at.% Cr and the grain size

of as-milled powder assessed by the Rietveld refinement method is 9 nm.

2 Grain size is measured by the Rietveld refinement method.
3 Grain size is measured by SEM micrographs.
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Figure 5.4 X-ray diffraction pattern of nanocrystalline W-35 Ti-10 at.% Cr after 30

hours milling.

The distribution of particle size of as-milled W-35 Ti-10 at.% Cr measured by the laser

diffraction particle size analyzer is shown in Figure 5.5, and the average particle size is revealed

to be 4.5 ptm. As expected, nanocrystalline W-35 Ti-10 at.% Cr after 30 hours of milling is

comprised of micron-scale polycrystalline particles with nanoscale grains.
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Figure 5.5 Particle size distribution of nanocrystalline W-35 Ti-10 at.% Cr after 30
hours of milling.

Compacts of nanocrystalline W-35 Ti-10 at.% Cr was pressurelessly annealed up to 1350 'C and

soaked for 7 minutes under the same atmosphere outlined in section 2.1. The blue line in Figure

5.6 is the change in compact density, showing accelerated densification and almost full density

after the sintering process.
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Figure 5.6 Change in relative density of nanocrystalline W-35 Ti-10 at.% Cr (blue) and
W-35 at.% Ti (black).

The rapid rate of densification is more explicitly revealed as compared to the sintering of

nanocrystalline W-35 at.% Ti (black line in Figure 5.6) which does not possess an activator, Cr.

Although nanocrystalline W-35 at.% Ti might retain nanoscale grain size after sintering based on

the work of Chookajorn et al. (56), it does not display any sinterability and fails to form a bulk

shape as shown in Figure 5.6. The microstructure of nanocrystalline W-35 Ti-10 at.% Cr after

sintering was observed through HR-SEM in Figure 5.7, illustrating a grain size of about 100 nm

at nearly full density.
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Figure 5.7 SEM image of a bulk (6 x 4 mm right cylinder) nanocrystalline W-Ti-Cr

alloy shows a grain size of about 100 nm at nearly full density.

This particular sample had bulk dimensions of 6 mm diameter and 4 mm height; this is the first

nanocrystalline tungsten alloy with such a combination of full density and fine grains produced

in bulk through pressureless sintering of powders.

Grain sizes as a function of relative densities achieved using each sintering method: solid-state

activated sintering, liquid phase sintering, and nano-phase separation sintering are presented in

Figure 5.8.

90



100

10

Liquid Phase
Activated
Nano-Phase p

A A
9 A o

* ~Ifl *

W-Cr aloys

-- Cr alloy

0.9 1.0

Relative Density

Figure 5.8 Further comparison of nano-phase separation sintering with liquid phase

sintering and activated sintering of tungsten alloys as to grain size as function of relative

density.

With the addition of a stabilizer element of Ti, the range of grain sizes accessible by nano-phase

separation sintering is widened substantially, including into the nanoscale. Further optimization

of alloy composition as well as the temperature-time cycle could allow a large measure of

control over grain sizes.
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Chapter 6 Concluding Remarks

New accelerated tungsten sintering method called nano-phase separation sintering is developed.

Nano-phase separation sintering is demonstrated to be a method applicable to nanostructure

tungsten alloys and to other nanostructure alloys as well. Finally, the control over grain sizes

even to nanoscale dimensions of a sintered compact is permitted by nano-phase separation

sintering. The significant conclusions elicited from this thesis are discussed below.

In Chapter 2, nanocrystalline W- 15 at.% Cr alloy powder is synthesized through a high-energy

ball mill. We show that the processed powder is comprised of micron-scale polycrystalline

particles with nanoscale sub-grains; average particle and grain size is 1.2 pm and 12 nm,

respectively. In addition, nanocrystalline W- 15 at.% Cr is identified as a supersaturated solid

solution after high-energy ball milling. This supersaturated solid solution does not align with the

equilibrium phase diagram of W-Cr which expects almost no equilibrium solubility of chromium

in tungsten at room temperature.

In Chapter 3, the compact of nanocrystalline W-15 at.% Cr is pressurelessly annealed and the

onset of sintering at anomalously low temperature and the rapid rate of densification is

confirmed. The role of nanoscale second phase precipitations during consolidation is analyzed by

electron microscopy and x-ray diffraction. Accelerated sintering mechanism is established and

named nano-phase separation sintering. The sintered compacts achieved through nano-phase

separation sintering are identified to display much smaller grain sizes at comparable densities

than those produced by conventional accelerated sintering methods such as solid-state activated

sintering and liquid phase sintering.
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In Chapter 4, thermodynamic conditions of nano-phase separation sintering are explored using a

model binary phase diagram in order to establish the generality of the mechanism of nano-phase

separation sintering. Based on the thermodynamic features discussed, nano-phase separation

sintering is applied to chromium-nickel systems; with the addition of nickel, chromium

consolidation is accelerated. The observation of a Ni-rich neck preferentially decorating particle

surfaces and forming interparticle necks as well as assessed sintering activation energy explicitly

implies that Ni-precipitates provide short-circuit diffusion paths to Cr atoms. This confirms the

mechanism of nano-phase separation sintering.

In Chapter 5, nano-phase separation sintering is also identified as a method applicable to the

production of nanocrystalline bulk tungsten alloys. Although the mechanism of nano-phase

separation sintering is appropriate for the production of fine-grained materials, another element

called a stabilizer might be necessary for further suppressing grain growth during a thermal

cycle. By using Ti as a stabilizer, nanocrystalline bulk W-35 Ti-10 at.% Cr alloy is

accomplished, showing a grain size of about 100 nm at nearly full density.

Powder consolidation has long been viewed as a prime route to form bulk nanocrystalline and

ultrafine grained materials, but the challenges associated with rampant grain growth (54) and

significant residual porosity (55) have delayed progress. In order to overcome such limitations,

the field has seen a focusing tendency towards rapid consolidation methods assisted by large

applied pressures (55, 91, 92) or pulsed electric current (93, 94), although limitations on

component size and shape, as well as cost considerations, present complications for the broad

usage of these techniques. It is our hope that nano-phase separation sintering, as a general new

mechanism to accelerate sintering even in the absence of external forces, may broaden the

opportunity for powder-route fabrication of bulk ultrafine and nanocrystalline alloys.
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Chapter 7 Directions for Future Work

Some interesting future directions may be suggested:

" As shown in Figure 3.1, the shrinkage of the nanocrystalline W-Cr compact exhibits a

hump at initial stage. In-depth shrinkage studies at initial sintering stage would provide

understandings of the shrinkage behavior of highly deformed alloys during annealing

related to grain boundaries relaxation, recovery and etc. and how these affect its

densification.

" Further optimization of alloy composition and time-temperature heating cycle including

isothermal process for the sintering of W-Cr alloys could be explored to obtain full

density sintered products with fine grain sizes. Studies of grain growth kinetics of the W-

Cr system will help optimize processing parameters.

" A number of binary systems are provided in section 4.1 which expect to rapidly densify

through nano-phase separation sintering; those alloy systems could be experimentally

confirmed.

This study is mostly focused on establishing a new accelerated tungsten sintering method and

succinctly touches on its application especially as to the production of nanocrystalline bulk

tungsten alloys; further investigations below could provide some insights as to the design of

sintering of nanocrystalline bulk alloys:

* There is no database of ternary phase diagram (W-Ti-Cr) at high temperature, which

interrupts in-depth sintering studies of W-Ti-Cr alloys. Thus, construction of its ternary

phase diagram could elucidate the role of phases present at high temperature in terms of

accelerating densification and suppressing grain growth.
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* The mechanical properties of nanocrystailline bulk tungsten alloys produced by nano-

phase separation sintering method could be explored. Verification of shear localization

will be crucial for the usage as kinetic energy penetrator materials.

* Optimization of alloy composition and time-temperature heating cycle for nanocrystalline

bulk tungsten alloys could be investigated to achieve the best mechanical performance of

tungsten alloys as to their deformation behavior.
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Appendix A: Information of Samples for Control
Experiments in the W-Cr System

We designed the series of control experiments in Figure 3.9 in order to establish that nano-phase

separation sintering only occurs when powders with both (i) nanocrystalline internal grain sizes

and (ii) alloy supersaturation are used. The control samples were intended to systematically test

various W-Cr materials having feature (i) or (ii), but not both. All controls have micron-size

particles (Table A. 1 below) in order to remove particle size effects on the driving force and

kinetics of sintering. The following table shows particles sizes of all control experiments

including Cr-Ni systems.

Table A. 1 Particle sizes of all control experiments including Cr-Ni systems.

Sample Mean Size (pm) Mode Size (pm) Standard Deviation (sm)

nc-W(Cr) 1.25 0.94 0.74

nc-W 2.30 1.85 0.96

nc-W+15 at% Cr 1.09 1.07 0.71

Pure Cr 6.38 6.26 2.78

W(Cr) 4.99 5.45 2.30

W+15 at% Cr 3.35 2.77 1.42

nc-Cr(15 at% Ni) 4.75 4.78 2.22

nc-Cr(5 at% Ni) 5.09 4.79 2.33

nc-Cr 5.21 4.17 2.61

nc-Cr+5 at% Ni 3.41 2.79 2.35

Cr+5 at% Ni 5.06 4.79 3.17
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Appendix B: Data and references corresponding to Figure
5.8
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Figure B. 1 Grain size versus density of sintered tungsten alloys with index numbers.

Table B. 1 Data and References corresponding to Figure B. 1.

Number Materials Grain size (pm) Density Ref.

1 W-lNi 11 0.889 1

2 W-6Fe 2.68 0.874 2

3 W-8.4Ni-3.6Fe 2.3 0.876 3

4 W-2Fe 4.17 0.916 2

5 W-8.4Ni-3.6Fe 3.3 0.935 3
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6 W-2Ni-2Fe 8.48 0.934 2

7 W-8Cu-3Ni 9.21 0.930 4

8 W-4Cu-7Ni 14.87 0.933 4

9 W-4Cu-7Ni 19.25 0.942 4

10 W-8Cu-3Ni 11.59 0.943 4

11 W-lNi-lFe 9.35 0.953 2

12 W-0.29Co 6 0.95 5

13 W-lFe 5.24 0.955 2

14 W-9Cu-lNi 3.3 0.95 6

15 W-6Ni 10.03 0.958 2

16 W-8Cu-3Ni 14.17 0.959 4

17 W-4Cu-7Ni 24.7 0.967 4

18 W-8Cu-3Ni 18.35 0.97 4

19 W-2Ni 10.03 0.973 2

20 W-4Cu-7Ni 23.1 0.976 4

21 W-8Cu-3Ni 24.47 0.982 4

22 W-lNi-lFe 15 0.985 7

23 W-lNi 12.16 0.982 2

24 W-8.4Ni-3.6Fe 4.8 0.988 3

25 W-lNi-lFe 44 0.99 7

26 W-11.9Ni-5.IFe 19.6 0.99 3

27 W-8.4Ni-3.6Fe 21.8 0.99 3

28 W-4.9Ni-2.IFe 23.5 0.99 3

29 W-3.99Ni-1.7lFe 26 0.995 8

30 W-7Ni-3Fe 27 0.996 9

31 W-4Mo-7Ni-3Fe 17.9 1.00 9

32 W-8Mo-7Ni-3Fe 14.5 1.00 9

33 W-30Ti-IOCr 0.135 0.935

34 W-15Ti-15Cr 0.227 0.97

35 W-20Ti-I5Cr 0.264 0.986

36 W-35Ti-lOCr 0.1 0.983
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Appendix C: Diffusion of Tungsten in Chromium 4

Because it is often used at elevated temperatures, diffusion in chromium has been studied

experimentally, theoretically, and computationally for decades (1-15). Although there were some

early discrepancies regarding the mechanisms and activation energy of Cr self-diffusion (1, 10-

12), these were eventually resolved and Cr self-diffusion is now believed to follow the normal

mechanisms identified for other BCC metals (1, 10), namely, monovacancy diffusion at lower

temperatures, with a contribution from divacancy diffusion at higher temperatures (generally

above about 1700 to 2000 K (4, 14)). Additionally, there exists a large body of work regarding

diffusion in a number of Cr-alloys (9, 16-22). Diffusion in chromium-tungsten (Cr-W) alloys is

among the least studied of these binary systems, with Ref. (23) providing the only discussion of

it of which we are aware, and that being a qualitative analysis of Cr-W grain boundary diffusion.

As tungsten (W) is only mildly soluble in Cr, it is not surprising that this couple has not

previously been given much attention. However, recent work on the stability of nanocrystalline

alloys (24, 25) indicates that Cr-W is a good candidate system to form stable nanocrystalline

phases (24). The possibility of fabricating nanocrystalline alloys with superior strength, hardness,

and thermal stability in the Cr-W system is compelling, and nano-phase separation sintering

occurring in W-Cr system also led to appreciate the need for a better understanding of the

kinetics of the system. It is therefore the purpose of this study to address the gap in kinetic data

in the literature for the diffusion of W in Cr.

In this study, Cr-W diffusion was investigated experimentally at temperatures in the range

4 The contents of this appendix have been published previously in reference (77).
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1526-1676 K in the low-concentration solid solution regime (i.e., W content below the

solubility limit of -30%) that is most relevant to applications of the Cr-W system.

Chromium discs (99.9% purity, 10 mm diameter, 5 mm thickness, from Alfa Aesar) were ground

flat and parallel. To induce grain growth, the specimens were annealed at 1675 K for 24 hours.

The final grain size was about 350-400 pm. A thin film (~A pm) of high-purity tungsten

(99.95%, from Alfa Aesar) was deposited on each disc by physical vapor deposition for 3 hours

using an in-house sputter system operated under 155 W of RF power (from CESAR), while

flowing 10 sccm Ar gas, with the chamber vacuum maintained below 10-7 Torr.

Each specimen was sealed in a quartz tube, first evacuated to 10-6 Torr using a turbo pump, and

then backfilled with high-purity argon gas to 120 Torr. The sealed specimen was annealed in a

furnace and exposed to temperatures of 1526, 1550, 1576, 1627, and 1676 K for 398, 212, 120,

48, and 22 hours, respectively. The diffusion depth in all cases was around 40 ptm. After

annealing, each specimen was laid on its side, embedded in an electrically conductive resin, and

ground through half of its full width using an automatic polisher (TegraForce-5 from Struers) to

expose the diffusion cross-section. A right angle between the side and top surface was achieved

to within 0.2 degrees. An Electron Probe Micro Analyzer (EPMA, JXA-8200 from JEOL) was

then used to obtain depth profiles of tungsten concentration in chromium. For each specimen,

5-12 concentration profiles were acquired, spaced at least 20 pm apart.

A cross section of a chromium disc after tungsten diffusion is shown in Figure C. 1, where the

image contrast from backscattered electrons and the inset energy-dispersive spectroscopy (EDS)

map show the local tungsten content. The tungsten diffusion profile is uniform along the long

axes of the specimen and approximates one-dimensional diffusion well.
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Figure C. 1 Scanning electron microscopy (SEM) image taken in backscatter mode, for a

chromium disc cross section after annealing at 1526 K. A tungsten elemental map from

EPMA is shown in the inset.

Tungsten concentration as a function of diffusion depth at five different temperatures measured

using EPMA is shown in Figure C.2.
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Figure C.2 Tungsten concentration versus penetration-distance at five different

temperatures from EMPA measurements in a Cr-W diffusion couple. The diffusion

length is zeroed at the initial Cr-W interface.

The diffusion of W into Cr in this experimental setup follows that for a semi-infinite one-

dimensional solution of Fick's second law with a limited diffusant source:

M x2
C(x, t) = exp (1)

;,,D~t x 4Dt

Here, C is the concentration of tungsten at a distance x from the initial Cr-W interface after

diffusion time t, and M is the total amount of deposited tungsten. D is the solute self-diffusion

coefficient of tungsten in chromium. Concentration was converted to specific activity and is

plotted vs. x 2 in Figure C.2.
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Figure C.3 Specific activity versus square-penetration-distance at five different
temperatures, presented on a logarithmic scale.

Specific activity was obtained from concentration through division by the specimen density in

any convenient units; for the data in Figure C.2, the units of density were chosen for each profile

so as to provide uniform separation of the curves. From a fit of Eq. (1) to the data in Figure C.3

(with Mtreated as an unknown fitting parameter at each temperature), the diffusion coefficient

was determined for each specimen (correlation coefficients R2 > 0.98 were obtained for each

profile), as listed in Table C.1, and an Arrhenius plot of ln D vs. I/T is presented in Figure C.4.

In Eq. (1), D is assumed to be independent of concentration; the use of this equation is valid in

the present study because log (activity) vs x2 was found to be linear and the thickness of the

deposited solute layer was less than I prn, which is much less than (Dt)1 / 2 for every investigated

temperature.
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Table C.1 Measured solute diffusivity of tungsten in chromium at
five temperatures

D [m2/s] Diffusion Time [h]

5.27 - 10-17

1.17- 10-16

2.24- 10-16

3.74- 10-16

1.08- 10-1'

398.4
212
120
48
22

'~77Q -=386kJ/mol

Q=386 k.J/mol
=4.01 eV/atom

K , ~ LI* . . .1 I ..I .

6.0 6.1 6.2 6.3 6.4 6.5 6.6

l/T [10- 4 K-']

Figure C.4 Arrhenius plot of solute diffusion data for Cr-W diffusion experiments.
Between 5-12 depth profiles are represented by each data point, and the error bars
correspond to 95% confidence bounds on the mean value of the diffusivity calculated at
each temperature.

The equation for the solute diffusion of tungsten in chromium can be described by an Arrhenius

relationship:

D = Do exp ( Q (2)

A least squares regression analysis of the data from Figure C.4Figure C.4 yields the activation
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energy, Q = 386 33 kJ/mol and the diffusion prefactor, Do = A 0 exp( - 6.8 + 2.5) m2 /s

where A0 is the unit measure of diffusivity: 1 m2 /s, and the reported uncertainty ranges

correspond to 95% confidence bounds.
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