ABSTRACT

KOTAN, HASAN. Thermal Stabilizationand Mechanical Properties of Nanocrystalline
Fe-Ni-Zr Alloys. (Under the directiorof Prof. RonaldO. Scattergood and Prof. Carl C.
Koch).

Ultrafine grained and anostructurd materials are promising for swtural
applicationsbecause of the high strength compaxedoarse grained counterpartéowever,
their widespread application is limitday an inherently high driving forcéor thermally
induced grain growtheven at low temperatureéccordingly, the aderstandingof and
control over grain growth in nanoscale materials is of great technological and scientific
importanceas many physical propertiegi.e. mechanical properties) are functionstioé
average grain size and the grain size distributitthin the microstructure

Here, weinvestigate themicrostructural evolutiorand grain growthin Fe-Ni alloys
with Zr addition and differentiate the stabilization mechanisms acting on grain boundaries.
Fe-Ni alloys are chosen for stability investigations sitteey are important for understanding
the behavior of many steels and other ferrous alldysonium is prove to be an effective
grain size stabilizer in pure Fe andlb&se systems

In this study, nanocrystalline alloys were prepared g leinergy balmilling. In situ
and « situ experimentswere utilizedto directly follow grain growth and microstructural
evolution as a function of temperatua@d compositionThe information obtained from these
experiments enables the real time observation of ntracsral evolution and phase
transformation and provides a unique view of dynamic reactions as they. ddwair

knowledge of the thermal stability will exploit the potential high temperature applications



andthe consolidation conditions (i.e. temperatuned apressure) to obtain high dense
materials for advanced mechanical tests.

Our investigations reveal that thggain growth ofFe-Ni alloys is not affected by Ni
content butstrongly inhibited bythe addition of 1 at% Zr up to about 76G. The
microstructual stability is lost due to thbccto-fcc transformatior(occurring at 708C) by
the sudden appearance of abnormally grown fcc grains. However it was determined grain
growth can be suppressed kinetically at higher temperatures for high Zr containysgbgilo
precipitation of intermetallic compounds. Eventually at high enough temperatures the
retention of nanocrystallinity was lost, leaving behind fine micron grains filled with
nanoscale intermetallic precipitates. Despite the loss of stability inkstu formed
precipitates were found to induce an Orowan hardening affde¢ results from the
mechanical tests show that Orowan particle strengthening can be as significant as Hall Petch

hardening is at the smallest grain sizes.
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1.INTRODUCTION

1.1.Nanocrystalline Materials

Materials with nanocrystalline or ultfene grain sizes offer the intriguing properties
such as high strength and toughngls<2]. Numerous reports now indicate that an order of
magnitude increase in strength is possible in metals and alloys that exhibit grain size
approacing the lower limit of nanocrystallinit}3-5]. The HaltPetch relationship relates the
grain size of a material to yield stress. It predicts that there is an inversensHat between
the material 6s strength and t hd6]andteerlasggse gr ai

improvements of which occur #te finest grain size (<100 nm), Figure 1.1.

., . K7 (1.1)

G is yield stressl) is theintrinsic yield stress k is a constant for a given material, ahis the
grain diameter. The main mechanism causing the -Ratch relationship is the pileup of
dislocations at grain boundaries. Thus, smaller grain size result in more grain boundaries and

cause enhanced plastic flow.



Strength

Grain Size

Figure 1.1Effect of grain size on strength. lggst improvements of strength occur at the

finest grain.

1.2.Motivation and Significance.

Achieving high strength has never been a problem. The ability to preserve the
nanocrystallinity that increases the strength and to achieve any amount of utiiogattien
and appreciable ductility has been a challenge in the[ p&$t The reason ithe following;
grain boundaries are sources of internal energy due to the high atomic disorder and such
small grain size configations account for a large increase at the total free energy of the

system(Figure 1.2 according to Eq. (1.4)L0], making the nanomaterials unstable.

QO Qb (1.2)



As grain boundaries have a surface energy tgrdecreasing the grain boundary area can
decrease the internal stored |iyye Thus, the reduction of this excess free endf@yFigure

1.2, provides a strong driving force for grain growth during the processing steps (i.e.
consolidation) and/ or productos | i fdtisti me
therefore dtical to determine the grain size evolution of such microstructures, as it can

drastically change the mechanical properties.

Free Energy

Grain Size

Figure 1.2Free energy of the system increases as the grain size decreases

Here, we describe the microstructural evolution grain growth in FeNi alloys with
Zr addition and differentiate the stabilization mechanisms acting on grain boun&arids.
alloys are chosen for stability investigations since they are important for understanding the

behavior of many steels and otiee r r ous al | oy s. | stabgizércamdtiti o n



alters the fcc to bcc transition temperature offering an ideal model to study processes in
commercial austenitic steel&irconium is proved to be an effective grain size stabilizer in
pure Feand Febase systemgll] and will be investigated in this studywe found thathe
addition of Ni to Fe did very little to stabilize the-Re system against grain growmihereas

the onsebf the grain growth process occurs at higher annealing temperatures with increasing
zirconium additions. We present experimental evidence that reveal the possible reasons for
the microstructural stability and elevated mechanical properties in spite @msize grains

formedin some compositions.
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2. LITERATURE REVIEW

2.1. Thermal stabilization of nanocrystalline materials

Thermal stability is of interest for nanocrystalline materials prepared by any method
Grain growth in nanostructured materials has been reviewed by many gutt#iprand a
number of investigations on the thermal stability of nanocrystalline materials have been
conducted based on controlling the parameters for the velocd§ a grain boundary

undergoing curvatura@riven grain growth5].

00 09— — 2.1)

M is the mobility,Mo is the preexponential factor for the mobility tern@ is the activation
energy for grain boundary mobilityR is the ideal gas constant, aidis the absolute
temperature. The pressufe is entirely curvature driven and therefordated to the
interfacial energy per unit area, and the radius of the graim, The stabilization of
nanocrystallinenaterials can bearried outin two principal manners: the reduction of grain
boundary energy (i.e. thermodynamic stabilization) or grain boundary mobility (i.e. kinetic
stabilization)

Eliminating the grain boundary energy from E@l.2) is ©nsidered the

thermodynamic stabilization route and can be writtef6gs

9 [=-0 YO +KkTInX) (2.2)



0 is the specific solute excess at the grain boundary which lowers the enthalpy by the
enthalpy of segregatioO , and sises the entropyia kTInX (kT is the thermal energy
and X is the composition). Thermodynamic stabilization of nanostructures has been proposed
both theoretically[6-9] and expementally [10-15] based on the elimination of the
thermodynamic driving force, that is grain boundary energy, for grain growth due to solute
atoms that preferentigll segregate to the grain boundaries. Solute segregation to grain
boundaries occurs if there is an attractive grain boursialiite interaction that decreases the
energy of the systeffi8]. Weissmiler [16] explained this interaction (1) by the elastic strain
energy due to atomic mismatch between the solute and solvent atoms which is released when
solute segmgates to the grain boundaries and (2) by the total defect energy of the grain
boundaries in nanostructure materials which is reduced with solute segregation.

Kinetic stabilization of grain size is based on grain boundary pinning whig
occur with solte drag[17] or Zener pinning18] as a result of a reduction in grain boundary

mobility.

0 — (2.3)

P, is the pinning pressure by second pha&es,the volume fraction of particles, amy is
the dameter of second phases. For successful pinning, the pinning presswst be larger
than the pressurP driving the grain growth and it gives the Zener pinning of the grain

boundarieg5].

Q — (2.4)



d is the limiting grain size antllis a factor that can vary from 0.25 to Q4. Although

solute drag has been found to be unable to completely preventgyoauth at elevated

temperaturgs secondary particle pinning, also known as Zener pinij, has been

successful in increasing thermadlsility to moderately high temperature$a be successful

at elevated temperatures, destabilization via particle coarsening must be suppressed

otherwisethis would lead to a fast grain growth as reported2@, 21]. Neverthelessgrain

boundary mobility has Arrhenius temperature dependeneaning that eventually the

pinning pressure will be overcome allowing furthgrain growth. Therefore, recently

thermodynamic stabilization is considered to be a compelling way limiting the grain growth
Despite the high driving force and tendency for grain growth, significant stabilization

of nano size graindas been reported fodifferent binary systems exposed to high

temperatures either for the purpose of consolidation aarfoealing studies, such as:[B&,

22], Cu[23, 24], W [25] and Pd[10, 11] to name fewRecently, Darling et al12] studied

the influence of solute Zr atoms on the stability of the grain size of nanocrystalline pure Fe

produced by ball milling. It was reported tHaand 4 at% Zr additions to nanocrystalline Fe

resulted in significant stabilization of the graingh little difference between the 1 and 4 at.

% Zr alloys.Chookajorn et al[25] reported that nanometsized grains can be retained in

W-20 atomic % Ti alloy after annealing seven days at 2000



2.2.Nanocrystalline materials produced by high energy ball milling

Ball milling, thatconsists of repeated welding, fracturing, and rewelding of powder
particles[26], produces powder with nanocrystalline grain $&4. During ball milling the
powder particles are subjected to severe plastic deform@ationcollisions with the milling
media Plastic deformationoccurs within theparticlesat high strain rateseducing the
average grain size ta few nanometers after extended millimges. Figure 2.1 shows the
schematic sketch of the process of mechanical attrition of metal poya8r3he grain size
decreases and the lattice strain increases with milling &sngeenn Figure 22. Once the
grain size reaches a constant size, further refinement ceBsesminimum grain size
obtainable by millingdepends on thdéalance between the defect/dislocation structure
introduced by the plastic deformation of milling and its ey by thermal process¢28,

29| of milling.

Figure 2.1Ball-powderball collision of powder mixtureuring mehanical alloyind34].



10

70 ' ' . . 1.0
60- 09
| -0.8
504 Microstrain [ 0.7
E -0.
o 40- 06 —
N i S~
> 1 0.5 =
30 - @
- ]
2 | _—0.4
O 20- Grain Size |-0.3
] -0.2
10 -
| -0.1
0 T T T T I T I ! 0.0
0 5 10 15 20 25 30

Milling Time [h]

Figure 2.2 The average grain size and migtains as a function of milling time for iron
powder determined from-pay line broadenin28§].

The ball milling emphasizethe maximum number of individual particles in a powder
mass to undergo plastic deformation. Evémettwo balls collide they trap particles between
them. The force of the impact deforms the particles creating clean new surfaces. When the
clean surfaces come into contact, they weld together. Since such surfaces readily oxidize, the
milling is carried otiin an inert atmosphere or vaculigg].

The structurbichanges occur via the accumulation of defects which are induced by
the plastic deformation of millinglnitially, the deformation is localized in shear bands
consisting of high density of dislocatiohhe strain level in the early stages of ball milling

increases due to the increased dislocation density. At a critical dislocation density these
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dislocations annihilate and recombine to small angle grain boundaries separating the
individual grains. The subgrains formed via this route are already in the aterasize range

with diameters often between 20 and 30 [l81]. During further attrition the sample volume
exhibiting small grains @gnds throughout the entire specimen. The orientations of the grains
with respect to their neighboring grains become completely random due to grain boundary
sliding. The competitive processes of grain refinement by the severe plastic deformation of
milling and the thermal recovery determine the minimum grain size obtainable by ball
milling [28, 29].

As the metal particleis plastically deformed, most of the mechanical energy
expended in the deformation process is converted into heat but the rensistdeed in the
metals, thegby raising the internal ener¢®8]. When a metal is plastically defoed by cold
welding, most of the mechanical energy of the defoioratgets caverted into heat
increasing the temperature of the powder. Ifaisas above acritical temperaturethe cold
worked particles may undergecovery and recystallization leading an undesired grain
growth. Thus, the temperature of the viiould bekept belowthe critical temperaturéor
the duration ® milling by forced air cooling ashe minimum nanocrystalline grain size
attained is the result of the competition between defect creation and recivemgmainder
of the mechanical energyf ahe deformationis stored in the metals, thedoy raising the

internal energy2§].
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2.3. Consolidation of nanocrystalline powders

The mechanical attrition produces powder particles with a nanoscale microstructure.
These particulates must be consolidated into the bulk form to have bulk saimples
mechanical testing and for the applications of structural nanocrystalline majtg#al€old
compaction of metal powders requires plastic yielding, therefore high pressures for strong
nanocrystalline metals of the order of several gigapascals are Hé2Hatarm compaction
assists deriscation by allowing for plastic deformation for metals high temperatures and
pressuresThe problem is that a combination of pressure and temperature is required for a
good particle bonding in order to reach the theoretical densities. This showdée&ithout
significant coarsening of the nanoscale microstructure. Thusatthenmentof thermal
stability can exploitthe consolidation conditions (i.e. temperature and pressure) to obtain
high dense materials for advanced mechanical tests for salapplications.

The major methods to consolidate ngrawders were reviewefB3] and those that
have received the most attention are high pressure torsion (HPT) anetcleguaél angular
extrusion (ECAP).High Pressure Torsion (HPT) involves torsion at high hydrostatic
compressn stresses that basically enhances tregrsto fractureln theHPT, a disked shape
sample is compressed and then one of the dies is moved with respect to the other. With
enough rotation, significant shear strains can be achiéveldbuld bementionedhat due to
the nature of the HPT proceske central part of HPT diskmay remain unleformedeven

after large shear straif34].



13

Figure 2.3Schematic illustration of high pressure torsion

Equal Channel Angular Extrusion (ECAE), which is also commonly known as Equal
Channel Angular Pressing (ECAP), is usedthe deformation of bulk samples by pure shear
[32] as well as for obtaining higihensity magrials from powderdn this methogowder ora
billet is pressed through a dieat is constructed containing a channel that is bent through an
abruptangles of il r sect i on t y p The afoimgtion9bceds impakes high.

strainswithout any concomitant change in the cross sectional area of the sample, Figure 2.4

[35].
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Figure 2.4 Schematic illustration of the ECAP proced{/86]

Multiple passes through the die provide accumulative stfabh. When samples are
pressed repetitively, different slip systems may be introduced by rotating the samples about

the X-axis. Four separate processing routes have been identified for use iIf&ETAP

1. Route A: the sample is pressed repetitively without rotation.

2. Route B the sample is rotated through 9 alternate directions between
each pass.

3. Route B the sample is rotated by 9@ the same sense between each pass.

4. Route C: the sample is rotated by 1Bétween passes.
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Route A Route B,

N

Figure 25 The four processing routes in ECAFS)].
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3. EXPERIMENTAL PROCEDURE

3.1. Mechanical Milling/Alloying of Powders

For our investigations,pgpropriate masses of Fe (99.9 %), Ni (99.9 %), and Zr (99.7
%) powders weraisedwith 440C stainless stedlalls and sealed in a hardened steel vial
under an argon atmosphere, (©2 ppm) prior to millingOxygen(Inert gas fusion ASTM
E 101908) and carbor{Combustion infrared detectidnASTM E 101908) amounts in the
received powders were determined ptiomilling. Three samples analyzed by Luvak.

and results are given inable3.1.

Table 3.10xygen and Carbon content of received powders prior to milling

Sample Identification Carbon (wt%) Oxygen (wt%)
Fe 0.07 0.366
Ni 0.081 0.102
Zr - 0.320

A ball-to-powder mass ratio of 10:1 with a powder charge of 5.1g waetbato the
vials (Figure 3.1() and milled for 20 h using a SPEX &D0@nodel mixemill (Figure
3.1(d). It causesrepeated welding, fracturing, and rewelding of powder partieles
producespowder with nanocrystalline grain sifFigure 3.1(a)). The temperature of the

vial was kept below about 5T for the duration omilling by forced air cooling ashe
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minimum nanocrystalline grain size attained is the result of the conopelbigtween defect

creation and recovery.

Figure 3.1Schematic view of mechanical alloyin@) baltpowder movement during
milling, (b) ball-to-powder interaction, (c) milling media, balls and vial, (d) SPEX 8000 mill

At the early stages in the proseshe metal powders are still rather soft and the
tendency for them to weld together into larger particles predomifHteA broad range of
particles develops, with some particles being two to three times larger in diameter than the
original ones. As th process continues, the particles get harder and their ability to withstand
deformation without fracturing decreag@$. The smaller particles tend to weld into larger

pieces. The larger particles, on the other hand, are more likely to incorporateafidws
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break apart when they are struck by the balls. In time, the tendency to weld and the tendency
to fracture come into balance, and the size of particles becomes constant within a narrow
range[3-5]. The mechanical milling/alloyintpr the different Hoy compositiongesulted in
powders with a particle range of -100um and a nanocrystalline microstructure of

approximately 812nm (see Figur8.2).

Figure 3.2 Particle range of powders after 20 hrs room temperature milling; a)Pure Fe, b)Fe
8Ni, c)Fe8N-1Zr, d)Fe8Ni-2Zr, e)Fe8Ni-3Zr, f)Fe8Ni-4Zr

3.2. Thermal Treatments
As-milled powders were isochronalind isothermallyannealedip to1000°C and 24
hrs, respectivelyn a 98% Ar + 2% H gas atmospherwith subsequent cooling in the

furnace wherehe cooling rate was less tharB2C per second. The furnace used for the
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annealling studies was Lindberg tube furnace
a quartz tube along with a thermocouple and the tube was pumped down to < 40 mtorr and
refilled with 98% Ar + 2% H gas atmospher@he asmilled powder was used as the starting

material for annealing at each temperature.

3.3. Consolidation of Powders

Mechanical properties are best measured on bulk saf@pleBhus, asnilled and/or
annealedpowders have to be compacted by temperature/pressure assisted compression in
order to be able to obtain the theoretical density. Therefore, the knowledge of the thermal
stability of nanocrystalline FBi-Zr alloys is crucial for the consolidation steps tbe

powders.

Heat Treatment, Hot Uniaxial Pressing, and Sintering

For advanced mechanical characterization the powders that had been milled for 20
hours followed by 1 hour annealing at elevated temperatures were compacted into pellets.
Thin, diskshaped specimens were prepared through uniaxial hot pressing (Ar/2%H
atmosphere) of the annealed powders-at5&Pa and 506C in a tungsten carbéd7 mm
diameter die as seen inghre 3.3. For this purposeasmilled powders were annealed at
elevated temperates (between 800 1000°C). Then, the powders were loaded intaVe
die with a diameter of 7 mm. In order to eliminate oxidation, the die evasuatedefore

hot pressing and continuously purged with argon throughout the pressitlgthe
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consolidation's complete and the temperature drops to room temper&tare, the powders
wereheated up to 50%C in Ar/2%H atmospherand kept approximately 30 min. Finally, the
load was applied at 5 for 10 min to produce diskhaped specimen$hesediskswere
subsequently sintered at 25Q below the annealing temperatures to makerparticle
bonding stronger before mechanical teStke samples were polished and density was
determined by measuring the dimensions and the weight of the samplesties varid
between 2 and I % of the theoretical valueslardness measurements confirmed that no

significant grain growth had occurred after hot compaction.

Force
l' Vacuum

Feee I
Die and Punch I

p %94-97

consolidated disk

Powder .‘\;‘Heating Coil

]

Figure 3.3 Compacted disk through uniaxial pressing

Equal channel anqular extrusiolECAE)

Powder wa processed in Ni 200 cans ~ 0.735 x ~ 0.735 x 4.5in long with a 0.4in

diameter hole drilled into the top ~3.0in deep. The top of the hole was drilled and tapped to
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.5inx 24 thread one inch deep, Figure 3.4. Cans were cleaned with ethanol in a sonitator an
then dried. Powder was filled into the hole giving a total sample size of 1.25in long. Powder
was loa@din a glove box, filled and compacted by hand using a push rod. Once the total
height of desired sample size was met, a stainless steel hex caplsraws turned down

on the end to fit into the remaining 0.4in dia. channel was threaded into place. The screw was
torqued down until no more compression on powder was possible without defoneaam.

The cans were then coated with a high temperatlass goased die processing paint to
provide lubrication at 800+ degrees Celsius. The cans individually were heating in a box
furnace to the desired processing temperature and soaked for 30 minutes, while the die was
heated independently to ~300 degreesidsl Once the 30 minutes had passed the press was
placed in the load position where the can was removed from the furnace (located directly
next to die) with steel forged tongs and loaded into the die within 8 seconds. The can was
then processed at a radé 0.25in/sec. After the extrusion was complete the can was then
ejected from the die after ~20 total secondsnfrthe time leaving the furnac&CAE
consolidations were done at U.S. Army Resedwhoratory, in collaboration with Dr. Kris

A. Darling.
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Figure 3.4 Samplepreparedvith ECAP

3.4.Microstructural Characterization

X-Ray Diffraction

X-ray diffraction analysis of the amilled and heat treated powders waesformed
using a Rigaku Xay diffractometewi t h  Cu KU ( & = TBe.irsthrdeatal

broadeni ng was r e mausing dwelbasneaedthnadardcatuiimarsamplé

and assummg a Gaussian peak shape

sz.Gmm thick

25

(3.1,

radi

2d
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The grain sizes of the amsilled and heat treated samples were estimatdg the

Scherrer formuld7].

I is the peak broadeningss the wave legth of the incident radiation-is the center of the
peak,d is the determined grain size akds a shape factor. The four intense pedi9( 200,
211, and 220) were used to calculate the grain aize the standard deviation af average
valuewastaken as the erroithe determination of grain sizgy the Scherrer equation gave
inconsistent results for tHargergrain size at high annealing temperatur@serefore, itwill
be used only to determirthe grain size ofismilled, at 400 °C (for pure Feand FeNi
alloys) and at 606C (for FeNi-Zr alloys)annealing temperatusghere the grain size is less
than 30 nm.

The httice strain was estimated from WilliamsbBiall analyse$8] by plotting(b Co s
a) [/ & V).sThrde gdaflectiorts (110,218 and 220) were used in the strain analysis
because the elastic moduli of iromthese crystallographic directions are ident{€ The

room temperature | attice pamethad@dl.er was cal cu

Optical Microscopy

The mcrostructure of pure Fe and 48 samples annealed at high temperatures
yielded > 5 micron grain sizes amgscharacterized by optical microscopy (Nikon Epiphot)

The samples were polished witkilicon carbide sanidg papers unidirectionally after
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consolidation and then rotated®3fter each polishing stage to insure that all scratches from
the previous grit size is removed. Samples were then polished with suspension of alumina
particles in water until a mirror fish was seen on the sample. The samples were then etched

15 s at room temperature in a 2% Nitol solution.

Scanning Electron Microscopy

A Hitachi S3200 Variable Prase Scanning Electron Microscopeas used for the
work presented herd@his is a conventinal high resolution thermionic SEM which allows
the operator to control the specimen chamber vacuum level by introduction of He gas. A non
conductive specimen maybe inserted directly into the VPSEM and observed in its natural
state without the need for madized coatings. A 4Pi Isis EDS system is also attached to the

instrument for digital image acquisition and elemental analysis.

Transmission Electron Microscopy

JEOL 2000FXand Hitachi HF2000TEMs were use@t an accelerating voltage of
200kV in this wak to image the microstructures for precise quantitative information on
average grain size and grain size distribut®mght field and dark field images were used to
determine grain size distribution tfe samplesThe production of all samples reported
this work was particulate form. Thus, TEM sample preparation was problematic due to the
high hardness and low interparticle bonding. This made it impossible to prepare electron

transparent sameavith electro jet polishing as the particles fall aparthe TEM under the
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strong magnetic field. Therefore, electron transparent TEM samples were prepardeblsing

Quanta 3D focused ion beam system that has an Omniprobesitu iREM sample liftout.

Focused lon Beanimaging

The FEI Quanta 3D focusednidoeam system is used fmn channeling contrast
imaging (FIBCCI) and to prepare electron transparent samples for TEMCEIBimages
were obtained using backscattered electrons produced yrtieam froma singlepowder
particle. The contrast in thenages is due to the changes in the grain orientations that cause
variations in ion channeling efficiendg1]. The FEG that is a DualBeam instrument that
combines a traditional Field Emission column with a FIB column to complement
characterization laboraty tools and extend application range to 3D characterization and

nanoanalysis,

In situ X-Ray Diffraction

High temperature XRD analysis was carried out using an Anton Paar HTK 2000.
Samples consisted of a thin layer of powder place onto a Pt strip.eA gample was then
brought into alignment on the optical axis of the diffractometer. The heating chamber was
pumped down, under a vacuum of approximately T@rr and backfilled with a He 3 %
hydrogen forming gas to prevent oxidation of the powders dexagnination. The sample
was then resistively heated to temperature at a rate ¥/8fin, at which point it endured a

10 min isothermal anneal, before performing a 17 min long diffraction scan at the respective
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temperature. The sample temperature vwaseased to the next desired set point and the
isothermal/scanning process repeated as done previously. This process was repeated to cover
the following temperature range of 80, 500°C, 600°C, 700°C, 750°C, 800°C, 900°C

and again at 31C to complée the test. The grain size at temperature was calculated using

the Scherrer Method.

In_situ Transmission Electron Microscopy

The ion beam wasisedto preparean electron transparent sample fromnagled
powder for thein situ transmission electron miascopy (TEM) annealing experiments. The
sample was mounted in the Aduro holfe2] and imaged in a Hitachi HEOOO TEM. The
Aduro system uses a flat, ceramic membrane as the active specimen support to enable fast,
stable and accurate thermal analysis. teanbrane has a small thermal mass, which allows
for extremely fast heating rates up t6° £C/sec with virtuallyinstantaneous temperature
stabilizationand accuracy of + 0:8 °C. The whole experiment was recorded with a video
imaging in bright field (BF mode to directly observe grain growth in the initially
nanocrystalline sampl@he increment of the temperature was’6@uringin situ annealing

from room temperature to 96G.
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Figure 3.5 In situ TEM holder and TEM sample prepared by FIB

3.5.Mechanical Properties

Micro Hardness

There is a gener al relation between mat e
hardness testing was used to get a gquick ge
properties.For the microhardness measurementsjealed powders were cetdmpacted
into 3mm discaunder a uniaxial pressure of336GPa. Compaction of the -asilled powder
was not sucessful and the powder particlegre fixed into epoxy resin. All samples were
mechanically polished and microhardnesswneasured using a Vickers hardness tester with

a 50g load. The standard deviation was taken as the error-dflem@asurements.

Shear Punch Tests

Shear punch testsamples were compacted intmii diameter compacts under an
applied uniaxial pressure &3.5GPa andat a temperature of 50 in tungsten carbide

dies.Hardness measurements confirmed that no significant grain growth had occurred after
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hot compactionDensities varied betweer2 &nd 95% of the theoretical values. Compedt
samples were pighed to ~40@m thicknessand shear punchiess were run with an MTS
Alliance RT/10 tensile frame at a speed of 0.01 mm/min. The punch and sample are 1.00 and
3.00mm in diameter, respectivelpetails of the experimental setups for shear punchstest

weredescribed elsewhefé3).
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4. EFFECT OF ANNEALING ON MICROSTRUCTURE,
GRAIN GROWTH, AND HARDNESS OF
NANOCRYSTALLINE Fe -Ni ALLOYS PREPARED BY
MECHANICAL ALLOYING

H. Kotan, M. Saber, C.C. Koch, R.O. Scattergood

Materials Science and Engineering: A/olume 552 Pages 310315(2012)

4.1. Abstract

Fe-xNi alloys from x=0 to x=15 with an awilled grain size and hardness in the range-of 8

11 nm and 85%.5 GPa, respectively, were synthesized by ball milling. Microstructural
changes, hartess, and grain growth due to annealing were characterized usiag X
diffractometry, microhardness, focused ion beam channeling contrast imaging, and optical
microscopy. It was found that the composition range of single bcc phase was extended by
ball milling. Subsequent annealing of MA samples resulted in reduction of hardness and
extensive grain growth. It indicates that nickel has no significant effect on thermal
stabilization of iron. Retained austenite was observed foeBNteand FelONi alloys
anneatd in the twephase region and effect of-aslled structure on retained austenite

formation was discussed.

Keywords: nanostructured materials; mechanical alloying; grain growth;
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4.2. Introduction

This study of iromnickel alloys has the primary motivan of investigating the effect of
annealing and nickel content on microstructure, grain growth, and mechanical properties of
nanocrystalline iromickel alloys prepared by ball milling. The iramckel system has
attracted considerable attention for thederstanding of steels and other ferrous alloys.
Therefore, several studies were performed to investigate phase stability, microstructural, and
mechanical properties of iramckel alloys[1-7]. Studies of MA iromnickel alloys showed
that the singlephasebcc and fccconcentration rangemay be extended significantly as
compared with those produced by conventional technifgje. Another important feature
of iron-nickel system is that the annealing of coldrked alloys in twephasegl 2 ) r egi on
may lead to retained austenite formatidif]. The presence of retained austenite has a
beneficial influence on theryogenic toughness of ferritic stedl$l]. However, limited
research has been done, so far, to determine the effect of nickel content and annealing on
grain growth and phase transformation of magstalline ironnickel alloys prepared by ball
milling. Darling et al.[12] reported grain growth behavior of batlilled FeNi but it was
limited to 1 at% Ni andntermediate annealing temperatures.

Ball milling, that consists of repeated welding, fracturing, and rewelding of powder
particles[13], produces powder with nanocrystalline grain $iz4 and consolidation of the
powders into bulk shapes is necessary for potential applicdti&hsThe problem is that a

combination of pressure and temperature is necessary for completpairitele bonding
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[16]. However, gain growth limits the processingf nanocrystalline powders metals since
there is a thermodynamic driving force for reduction of the total grain boundarjl&tea
Inthepr esent study, we present an attempt t
determine the effect of annealing temperature on grain growth and hardnessrotkein
alloys obtained by mechanical alloying. We compare the obtained results with tishedib

data for pure iron and Rei alloys.

4.3. Experimental

Fe-Ni alloys with Ni content from 0 to 15 at¥o, 2, 4, 6, 8, 10, and 1®ere prepared
by mechanical alloying. As starting materials, appropriate masses of elemental ) (99.
and Ni (99.90) powders were mixewith 440C stainless steel balised sealed in a hardened
steel vial under an argon atmospherg €@ ppm) prior to milling. The weight of the mixed
powders was 5.4 and the balto-powder weight ratio was 10:1. Ball milling was perfodne
with  SPEX 8000 model mixemill for 20 h. The temperature of the vial w&ept
approximatelybelow50 °C for the duration of millingyy forced air cooling.

Following the milling processing, powders were isochronally annealed at®’@Q®&00
°C, 800°C and1000°C in a 98% Ar + 2% K gas atmosphere for 1 h with subsequent
cooling in the furnace where the cimgl rate was less than3°C per secondin what
follows, all cooling is irfurnace cooling unless otherwise statéde asmilled powder was
used ashe starting material for annealing at each temperature

X-ray diffraction analysis of the arilled and heat treated powders vpesformedusing

a Rigaku Xray diffractometerwi t h CuKU (& = The InStrdarZeptal r adi a
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broadening was removed asuari ¢ t i ousing@ ktan@add alumina sampled assunmg a
Gaussian peak shap&he grain sizes of the asilled and heat treated samples were
estimatedusing the Scherrer formu[d8]. The four intense peak$10, 200, 211, and 220)
were used to calculate the grain siaed the standard deviation ah average valuavas
taken as the error. The determinatajrgrain sizeby the Scherrer equation gaveonsistent
results for thdargergrain size at high annealing temperatufidserefore, iwill be used only
to determinghe grain size oasmilled andat 400 °C annealing temperatuvehere the grain
size isless than 30 nm. Thattice strain was estimated from Williamsblall analyseg$19].
Three reflections (110,211 and 22@re used in the strain analysiecause the elastic
moduli of ironin these crystallographic directions are ident{@l]. The room temperature
lattice parametervea cal cul at ed ug2llng Cohends met hod
Microstructure of the samples annealed at high temperatures is characterized by optical
microscopy (Nikon Epiphot) and focused ion beam contrast (FEI Quanta 3D FEG). Light
microscopy waslone using polished and etchesimpleq15 s at room temperature in a 2%
Nitol solution). Focused ion beam (FIB) preparation was used to prepare ion channeling
contrast imaging (FIBCClsamples ImageJ software was used to estimate the volume
averaged grain size. For the microhardness measurenamsaled powders were cold
compacted into 81m discs under a waixial pressure of &Pa. Compaction of the -asilled
powder was not successful arnldey were fixed ito epoxy resin. All samples were
mechanically polishednd microhardness was measureidgia Vickers hardness testith

a50 g load. The standard deviation valsen as the error afterl® measurements.
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4.4, Results

Figure 41 shows X-ray diffraction patterns from powders of-keNi wi t h fod O
ball-milling for 20 hours.n what follows, all compositions are given in atomic percent. In
our investigation, mechanical alloying (MA) of elemental isomd nickel powders leads to
the extension of single phase solid solutions up to 15 at%diilibrium solubility of nickel
in theiron lattice was reported to be aro® wt % Ni [22, 23] by conventional
techniqueand extended up to 30 at% [ by ball milling. The diffraction peakf the as
milled alloys exhibita significant broadeningue to the refinement of grain size and the
increase of internal lattice strain. The calculated grain size and lattice strain fomtilkeds

powderswverefound to be within theanges 811 nm and 0% 1 0.7% respectively

X

(
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Figure 4.1 X-ray diffraction patterns from asilled Fé xNi alloys with x= 0, 2, 4, 6, 8,0,
15. Materials were milled for 20 h at room temperature.

Room temperaturéattice parameters di-(Fe,Ni) bcc slid solutions as a function of
alloy compositions are shown Figure 4.2. Lattice parameters dicc phasdor equilibrium
alloys from different authors reported pg4] are alsopresented on the samigure It is
evidentthat there is excellent agreement between the lattice parameter data fraccour
powders and from those reported previou3ligere is onlya small increase n the lattice
parameter with increasing nickel contehte to the small atoic size difference between
nickel and iron atomf25]. The lattice parameter of -gceived pure iron was calculated to
be 0.2866 nm andhé change in lattice parameteirmam urtmilled iron powder taasmilled

15 at% Ni alloy,has been estimated to be 0%l Generally, the iorease of the lattice
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parametehas been tiributed to a solid solutioformation as thenickel contentincreases
[26]. MA alloys lattice parameters are larger than those of equilibridloysareported by
[24] (seeFig. 4.2) due to vacancy complexes and dislocations induced by plastic deformation
[27]. The same effect was observed by different authors feXiH8] and Fe-Mn alloys

[29.
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Figure 4.2 Lattice parameters as a function of composs for the bcc phases at room
temperature from this work and from different authors reportd@4jy
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Figure 4.3 X-ray diffraction patterns for FetNi alloy annealed at 40@, 600UC, 800LC
and 1000.C.

Figure 43 shows Xray diffraction patterns of FéNi alloy annealed at different
temperatures for 1 hour. Similar patterns were obtained for Re all oys where
are not shown here. The diffraction peaks sharpad peak intensity increases with
annealing at increasingly higher temperatures as a result of stress relaxation and grain
growth. One hour annealing of mechanically alloyeek B i alloys where x O
any discernable structural change foral i ng up to 1000 AC,- meani
(Fe,Ni) solid solution was observed at room temperature. However, retained austenite was
detected in Xray diffraction resultsKigure 4.4) for Fe8Ni and FelONi alloys annealed at

600 °C. Annealing at o#r temperatures did not lead to any change of the structure for the
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same compositions. The lattice constant obtained (a = 0.3591 nm) indicates that the austenite
which forms at 600 °C contains approximately 32 at%24j. Usingthe X-ray diffraction

pattern, we calculated thenaunt of retained austenite 58%[10].
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Figure 4.4 X-ray diffraction patterns for F8Ni alloy annealed at 60@ for 1 h,
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Figure 4.5 X-ray diffraction patterns for F&Ni alloy after 1 h annealing at 608, 1000(C,
and 1000 followed by 1 h annealing at 600.

In the generally accepted 4 phase diagrarf24], the equilibrium phases in this region
(600 °C annealing for F8Ni and Fel O N i compositions) are ferrit
and austenite (929) of high nickel-wokimgpricgtot . |t
annealing in this twgohase region increases the rate of austenite formgtign We did
further annealing to investigate the effect of defective and nanocrystalliméled structure
on retained austenite formation. First we annealedided powders at 1000 °C to eliminate
the majorityof the defects introduced by ball milling, and to reduce grain boundary area.
Then we annealed the same sample at 600 °C for 1 hour. No evidence of retained austenite

was observed in Xay diffraction scans, suggesting that defects and grain boundaajesipl
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an important role in the kinetics of austenite formation in the-ghase region. Xay

diffraction scans of additional annealing are showhigure4.5.
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Figure 4.6 Vickers hardness vs. 1 h isochronal annealing temperatures for pure Fe and
Fe' Ni alloys.
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Figure 4.7 Grain size vs. isochronal annealing tempaefor 1 h annealing with datar
pure Fe and FeNi alloys.

Figures4(6-8) respectively show hardness, grain size, and internal lattice strain as a
function of annealing temperatures the six alloys prepared by mechanical alloying. The
asmilled powder was used as the starting material for annealing at each tempématuee.
asmilled state, the mictrardness of F&li alloys is in the range of 8.5 to 9.6Pa.The
initial annealing a#l00 °C causes a small decrease in the hardrégsd¢ 46) whereas the
grain size does not increase significantly, and remains below 3@igorg 47). Analysis of
the X-ray diffraction peak profiles also revealidure 4.8) that the strain decreasesir a
high level of ~0.65% in the asilled state to around ~0.2% at 400 °C, and becomes

negligible beyond 600°C. It was reportg80] that dislocationsare the primary cause of
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strain in ball milled iron. Ashby31] separated the dislocations into geometrically necessary
ones that are associated with thastence of grain boundaries and statistically stored
dislocations that are associated with plastic deformation. This suggests that the decrease in
hardness below 400 °C is mostly due to the annihilation of the statistically stored dislocations
that were geerated by the heavy plastic deformation during milling and grain boundary
relaxation, while the decrease in hardness above 400 °C is due to grain growth which resulted

in reducing the density of geometrically necessary dislocations.
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The nanocrystalline grain size of batilled FeNi alloys did not begin to coarsen, and
remained less than 30 nm up to 400 °C (#0.38). Annealing at 600°C causes a sudden
decrease in hdness for the alloys (sdggure4.6) wh i c Herrite @alick solliion upon
cooling, indicating rapid grain growth between 400 °C and 600 °C. It is worth noting that
there is a wide range in hardness and grain size at this temperature for different nickel
compositions. Hardness of 8&li and FelONi alloys annealed at 600°C is 5.5 GPa,
whereas it 1 s | es s-phasé B alldys, and G B &Paffay puresronn g | e
Optical microscopy images (not shown here) revealed that the microstructure of
nanocrystalline pure iron hadndergone extensive grain growth, reaching a value of
approximately 4000 nm for annealing at 600 °C. At the same annealing temperature, the
grain sizes for F8Ni and FelONi alloys were found to be less than 30 nm. In comparison,

the reported grain size ptire balimilled iron at 700 °C was 6000 njh2].
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Figure 4.9 Optical micrographs at 100@ for (a) F&2Ni, (b) F& 4Ni, and at 80QL for ()
Fe' 2Ni, (d) Fe 4Ni after 1 h annealing.

Figure 4.6 shows that further increase in annealing temperature causes hardness to
decrease dramatically and eventually the hardness for the all alloys drops to less than 3 GPa
at the 1000 °C annealing temperatufigiure 4.9 showsoptical micrographs of polished and
etched FeNi alloys annealed at 800 °C and 1000 °C. Observed microstructures reveal that
micronscale grains could be distinguished from the micrographs, as well as some
microporosity present within particles. The iailtigrain sizes for the all alloys were
approximately 10 nm. Annealing at high temperatures results in extensive grain growth and

the grain sizes have already reached an average value of abot@58W00mM at 800 °C
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(T/Ty=0.60) and 650@000 nm at 1000 °CT(Ty=0.70) for different FeNi alloys, estimated

using light microscopy. At 1000 °C, average grain size of pure iron was found to be around
15000 nm, suggesting that-Re alloys appear to be only marginally more stable than pure

Fe. The estimated volumevexage grain size using optical micrographs does not give the
exact grain size because features or grains are not discernable. It provides a general idea
about microstructure and grain size distribution. An abnormally grown grain is present in the
microgragph b in Figure4.9 (marked by black arrows), whereas no grain structure could be
resolved in the regions of micrograpbsand d marked by white arrows. The latter were
assumed to be submicrometer and/or nanoscale regions, where the high density of etched
grain boundaries produceathresolvablecontrast. This was confirmed by Darling et [dZ]

in focused ion beam contrast images. They showed using low and high wcetgmifiFIB

images that 30% of the microstructure of ¢ annealed at 700 °C is still nanocrystalline,

and annealing at 870 °C results in complete grain growth of the microstructure, confirming

our results.
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Figure 4.10 FIBCCI micrographs for Re8Ni alloy after 1 h annealing at (a) 900 and ()
1000LC.

We also utilized focused ion beam (FIB) images to analyze the microstructures that were
obtained using light microscopyrigure 4.10 shows low magnification focused ion beam
channeling contrast iages (FIBCCI) of F8Ni alloy annealedd) at 900 °C andh) at 1000
°C. The images were obtained using backscattered electrons produced by the ion beam from
one powder particle. The contrast in the images is due to the changes in the grain orientations
that cause variations in ion channeling efficiency. It is seen frigure4.10 that micron size
grains are present for the alloy annealed at 900 °C and 1000 °C. No evidence of abnormal
grain growth or nanocrystalline grains was observed, consistent witimigrestructure
obtained using optical images (not shown here) of the same alloy. The large grain captured in

Figure4.10(b)indicates the extensive grain growth at the temperatures whereOL7D.
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4.5. Discussion

In the present work, we changed thekeiccontent in iron from 0 to 15 at% and
prepared nanocrystalline alloys by ball milling. Thenaed powder morphology developed
from relatively fine powder for pure iranto large spherical particles with increasing nickel
content after 20 h millingThis behaviorcanbe associated witthe enhanced cold welding
and decreased fracture events during milling as a result of a transitionmiooenbrittle to
more ductile behawr with increasing nickel in the iron latti§8].

As discussed earlier, we observsithglep h a s-(€e,Ni) solid solution for every
composition and annealing temperature except for the alloys watid810 nickel content
annealed at 600 °C which yield retained austehité-e-Ni [11, 32] and FeMn [29] alloys,
retained austenite was intentionally introduced after thermal cycling. It was suggested by
those researchers that the presence of retained austenite in ferritic alloys inomgapEsC
toughness by lowering the ductibeittle transition temperature. Rataid austenite was also
observed fomechanically alloyedre-Ni alloysannealed n U + 9 r e g etaln . R.
[33, 34] reported that anneal of asmilled Fe20Ni at 650 € lead to thdormation of fcc +
bcc phass, butno further investigation was carried out.

Given that diffusion islow inthe two-phase regiofilQ], and the austenite grains form
preferentially on intaral surfaces during annealirf@5], such asgran boundary triple
junctions, and defectshe fine and defective structure ofragled alloysgreatly enhances
the diffusivity. Thisprovides abundant nucleation sites and preferential diffusionpfaith

austenite formationof the 1 hour annealing tim&he effect of coldvork on austenite
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formation was described biiller [10]. He proposed that coldorking prior to annealing in
the twephase region increases the rate of austenite formation and the severity-wbdold
extends this effectHowever, sice appreciable diffusion is required for the formation of
augenite in the twephase region, retained austerdtees not form whe the alloy is merely
heated or cooled at normal eatthrough the twphase region (se€igure4.5). For the same
reason, no austenite was determined when we annealedrthkealspowder first at 1000C,
followed by @0 °C annealing. We believe thairealing at 1000C eliminates the majority
of defects introduced by ball milling and reduces the grain boundary area, slowing down the
kinetics that ar@mecessary for the formation of austeridethe annealing time of 1 haur

We also investigated grainrgyth and hardness gdure iron andrFe-Ni alloys as a
function of annealing temperaturep to 1000 °C Annealing of theasmilled powdes
results in reduced hardness, indicating that the nanostructure developed by ball milling is not
retained during annéag due to the extreme levels of cold work introduced during
mechanical alloying. Thermal stability of these nanostructures is limited to annealing at 400
°C for FexNi (x06) all oys that have a single phe
annealing at 600 °C for Pe N i (x=8 and x=10) which have f
phases upon cooling to room temperat&mmic sizesof iron and nickel are very close,
suggeting thatsignificant grain boundary segr&gpn and thermodynamic staldition due
to elastic strain energgoes not occufl2]. Thermal stabilization of F&li alloys with
zirconium segregation to the grain boundaries is under investigation and will be reported

later.
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Figure 4.11 Halli Petch plot of the hardness ofmadled, annealed nanocrystalline and

annealed coarsgrained iron and irdmickel alloys fom this work and from different
authors.

In the current study, the relationship between hardness and grain size is summarized
using the HaHPetch plot inFigure 4.11. Grain sizes used iRigure4.11 are Xray grain size
in the aamilled state and at the lowannealing temperatures where grain size is less than 30
nm, or grain sizes determined from micrographs at higher annealing temperatures. For
comparison, data from different researcH&®&40,42] for nano and coarse grained iron is
also displayed together with the present dité clearly evidenthat while there is some
scatter in the data iRigure 4.11, our values match quite closely to the nanocrystalline and

coarsegrained regime data points reported by previous researchers. In the study reported by
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Jang and Koch40Q] the hardness of nanocrystalline iron was measured as a function of
milling time and increased hardness and decreased grain size were obtained with longer
milling times. The data from their study on thenadled powders shows smaller grain size

and higher hardness than the results found in our investigation. It is wortly todt Jang

and Koch[40] did not take the instrumental broadening of the diffraction peaks into account
in the grain size analysighich could shift their result®ward larger ain sizes. They also
reported oxygen and nitrogen as impurities, which possibly lead to an additional
strengthening effect and, therefore, higher hardness values at a given grgdd]sidden et

al. [42] investigated the grain size and hardness of-rbdled iron with subsequent
annedéing. They started with 99.9% pure iron and reported increased grain size and reduced
hardness with increasing annealing temperatures, following aPd&th relation. In the
current investigation, initial annealing did not cause any increase in harsnggssting that

no impurity segregation had occurred to the grain boundaries since the starting powders had
high purity [42]. We did not see a negative slope in the-Patth plot meaning that no
softening of the alloys with decreasing grain size wasrgbdedor grain sizes as small as 9.5

nm. However, we found that the H#dktch slope for nano grains is smaller than for cearse
grained samples. A similar trend, that is an increase of thePdath slope of coursgrained

iron, was reported and discusskg Malow and Koch[39]. Hardness and gmisize of
retained austenite alloy appears to fit the Heatch relations, suggesting that ultrafine grains

with retained austenite can be developed by milling followed by annealing in the ferrite +
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austenite region. It was proposed by Mil[diQ] that sincethe annealing temperature is

relatively low and the recrystallizated structure is{@segrain growthis restricted.

4.6. Conclusions

Fe-Ni alloys with Ni content from 0 to 15 at% were prepared by mechanical alloying.
The composition range of the bcc single phase region was greatly extended with respect to
the equilibrium state Using mechanical millingiron-nickel powderswere hardened to 9.5
GPa bythe mechanism of grain refinemestrengtheningSubsequenannealing lead to
reduced hardness and extensive grain growth, suggesting that the nanostructure developed by
ball milling is not retained during annealirigetained astenite was observed for 8&i and
Fe-10Ni alloys annealed ithe two-phase region. Our experiments and analysis suggest that
asmilled grain size and defective structure play an important role on the formation of
austenite irthe two-phase region. The ¥kers hardness as a function of the grain size was
found to exhibit a HaHPetch slope thavas smaller for nanocrystalline graioempared to

coarsegrainedpowdersannealed at high temperatures.
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5. EFFECT OF ZIRCONIUM ON GRAIN GROWTH AN D
MECHANICAL PROPERTIES OF A BALL -MILLED
NANOCRYSTALLIN FeNi ALLOY

Hasan Kotan, Kris A. Darling, Mostafa Saber, Carl C. Koch, Ronald O. Scattergood

Journal of Alloys and CompoundsVolume 551, Pages 6211629 (2013)

5.1. Abstract

Grain growthof ball-milled pure FeFey,Nig and FeyNigZr; alloys has been studied
using X-ray diffractometry(XRD), focused ion beam microscopy (FIB) and transmission
electron microscopy (TEM)Mechanical properties with respect to compositional changes
and annealng temperatures have been investigated using microhardness and shear punch
tests. We found the rate of grain growth of theNgZr; alloy to be much less than that of
pure Fe and the EfNig alloy at elevated temperaturesh@d microstructure othe ternay
Fey:NigZr; alloy remains nanoscalg to 700°C where only a few grains grow abnormally
whereas annealing of pumon and theFe),Nig alloy leads toextensive grain growthrhe
grain growthof the ternary alloyat high annealing temperatulisscoupledwith precipitation
of FeZr. A fine dispersion of precipitated second phase is found to promote the
microstructural stability at high annealing temperatures and to increase the hardness and
ultimate shear strength of ternafgy;NigZr; alloy drastically vinen the grain size is above

nanoscale.


http://www.sciencedirect.com/science/journal/09258388
http://www.sciencedirect.com/science/journal/09258388/551/supp/C
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5.2. Introduction

Improvement of properties in nanostructured materials is attributed to refinirggatine
size [1, 2]. However, the nanoscale microstructure is unstable due to the thermodynamic
driving force fa reduction of the total grain boundary ar¢d 4]. This unstable
microstructure and high tendency for grainwgtio are key obstacles faced by nanostructured
materials and cause a significant problem for improved processing methddsr potential
high temperature structurapplicatiors [4, 5].

Grain growth in nanostructured materials has been reviewed by many g6t8br3he
stabilization of nanoscale grain size has been attributed to thermodynamic and kinetic effects
on grain boundaries. Kinetic stabilization of grain size is based on grain boundary pinning,
which occurs as a result of a reduction in grain boundary mofllint4]. Thermodynamic
stabilization of nanostructures has been proposed both theoreticE®y8 and
experimentally{19-24] based on the elimination of the thermodynamic driving force, that is
grainboundary freeenergy, for grain growth due tolste atoms that preferentially segregate
to the grain boundaries. Solute segregation to grain boundaries occurs if there is an attractive
grain boundansolute interaction that decreases the energy of the sydgmWeissmuller
[25] explained this interaction (1) by the elastic strain energy due to atomic mismatch

between the solute and solvent atomschitis released when solute segregates to the grain
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boundaries and (2) by the total defect energy of the grain boundaries in nanostructure
materials which is reduced with solute segregation.

Recently, Darling et a[21] studied the influence of solute Zr atoms on the stability of
the grain size of nanocrystalline pure Fe produced by ball milling. It was reportedahdt
4 at.% Zr additions to nanocrystalline Fesulted in significant stabilization of the grains
with little difference between the 1 and 4 %.Zr alloys. The purpose of this paper is to
investigate the influence of Zr solute on grain growth in the nanocrystalline FeNi based
system. The F&li basal system has attracted considerable attention for the understanding of
steels and other ferroudab y s . | n add.i-stabibizer,andMN alters the fcE® bcc s a
transition temperature offering an ideal model to study processes in commercial austenitic
steels. Therefore, several studies were performed to investigate the structure anggpert
Fe-Ni alloys [26, 27]. As suggested b}22, 28] the addition of Ni to Fe did very little to

stabilize the FéNi system against grain growth.

5.3. Experiments
Pure Fe, FeNig, and FeiNigZr, alloys were prepared by mechaalialloying. As
starting materials, appropriate masses of elemental Fe¥®919i (99.9%), and Zr (99.P0)
powders were mixed with 440C stainless steel balls and sealed in a hardened steel vial under
an argon atmosphere {& 2 ppm) prior to milling. Tk weight of the mixed powders was
5.1g and the balio-powder weight ratio was 10:1. Ball milling was performed vatBFEX

8000 model mixemill for 20h. The temperature of the vial was kept bekvout50 °C for
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the duration of milling by forced air cany. Following the milling processing, powders were
isochronally annealed at 460, 600°C, 700°C, 800°C, 900°C, and 1006C in a 98% Ar +
2 % H, gas atmosphere for 1h with subsequent cooling in the furnace where the cooling rate
was less than-3 °C per second. The asilled powder was used as the starting material for
annealing at each temperature.

X-ray diffraction analysis of the arilled and heat treated powders was performed using
a Rigaku Xray diffractometer wi h CuKU (& = 0.1542) radiati ¢
|l attice parameter was cRY.cToelimsttumahtal breadenigg Co h e
was removed as a function of 2d wusing a sta
peak shape. The grain sizes of themaded and heat treated samples were estimated using
the Scherrer formul§30]. Microstructure of the samples characterized by transmission
electron microscopy (TEMandfocused ion bear(FIB) imaging The ion beam was uséaor
ion channeling contrast imaging (FBCI) and to prepare electron transparent samples for
TEM. FIB-CCI images were obtained using backsered electrons produced by tiom
beam froma singlepowder particle. The contrast in the images is due to the changes in the
grain orientations that cause variations in ion channeling efficidntggeJ software was
used to estimate the volume averggan size.

Microhardness and shear punch tests were carried out to investigate the mechanical
properties of the samples. For the microhardness measurements, annealed powders were
cold-compacted into 3mm disashder a uniaxial pressure o&Ba. Compactio of the as

milled powder was not saessful and the powder particlegre fixed into epoxy resin. All
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samples were mechanically polished and microhardness was measured using a Vickers
hardness tester with a 50g load. The standard deviation was takes esahafter 8.0
measurements. Shear punigsts samples were compacted into 7mm diameter compacts
under an applied uniaxial pressure of 2.5GPa and at a temperature & H0Qungsten
carbide dies. Samples were not exposed to any reduction in haafteedsot compaction as

no significant grain growth had occurred. Densitsied between @ and 95% of the
theoretical values. Compact samples were polished to ~a@0thicknessandshear punch

tess were run with an MTS Alliance RT/10 tensile frameaaspeed of 0.01 mm/min. The
punch and sample are 1.00 and 3.00mm in diameter, respedile¢dyls of the experimental

setups for shear punch testeredescribed elsewhe{&1].

5.4. Results
5.4.1 Microstructure evolution during annealing

X-ray diffraction patterns fronasmilled powders of pre Fe, FeNig and FgiNigZr;
alloys (not shown here) revealed fundamental reflections to be consistent with that of bcc
phase only with no other phases present. The calculated grain sizes femilecapure Fe,
FeyoNig, and FeyiNigZr; alloys werefound to be 10.5 (x20m, 9.9 (x2) nm, and 9 (x1.5) nm,
respectively. Upon further analysis of theay spectra the furainental reflections were
found to be shifted to lower angles indicating the possible formation of a binaxy ded

ternary FeNi-Zr solid solution between the respective elements. Measurements of the
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respective lattice parameters also support the idealiof solution formation as a systematic
increasedue to alloy addition r(ickel and zirconium is apparentFigure 5.1 showsthe
change in the lattice paramefer all systems undergoing isochronal heat treafifige room
temperature values are therasled lattice parameters and thiglude internal lattice strain
due to point defects, dislocations, and grain boundary structtneduced by mechanical
alloying. Internal lattice strain appears to be enhancedgsNkecompared to pure Fe [28]. It
is dso reported that the lattice parameiter~e-Ni alloys is increased even though Ni is a
smaller atom compared to F&2]. At annealing temperature of 4@0and above, the elastic
strains are relaxed and the continuingpdid lattice parameter for E@NigZr, is a clear
indication that Zr is being removed from the initiatrasled nonrequilibrium solid solution

of Zr in the Fe;NigZr; alloy.
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FeoNig, and FeNigZr; alloys. The room temperature values are theméled lattice
parameter.
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Figure 5.2 (a, c) Bright Field (BF) and (b) Dark Field (DF) TEM micrographs of the as
milled FeiNigZr; alloy showing the initial microstriigre consists of nanocrystalline grains,
some of which are elongated. (d) Indexed Diffraction pattern (DP) confirms the formation of
a ternary solid solution.

Figure 5.2 shows the asmilled microstructure of nanocrystalline didigZr; which
consists of naocrystalline grains, some of which are 10nm wide with an elongation of about
40nm in a given direction. Elongated grains such as these have been reported before, and
appear to occur in baed regions throughout the microstructure along with regions where

the microstructure appears to be more @md [33, 34]. The xray diffraction patterns and
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the TEM diffraction paternsfrom various regions did not show the presence of secondary

phases within the microstructure, confirming the formation of a ternary solid solution.

Acloic

1

Figure 5.3 Channeling contrast images ofgfeisZr; asmilled, annealed at 60, 700°C,

and 8@ °C. Nanocrystalline microstructure remains stable at ®@D0A certain fraction of
grains grows abnormally into the nanocrystalline matrix, resulting in a bimodal
microstructure at 708C. At increased annealing temperatures, nanocrystalline state is los

Figure 5.3 shows the microstructural evolution ofgifdigZr; as a function of annealing
temperature using focused ion beam channeling contrast imlagéee given images, the

contrast differences @@ due to the ioghanneling effect. The effectlavs for a semi
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guantitative analysis of grain size below 100nm and quantitive identification of grain size
evolution above 100nm. Upon comparison of thended microstructure with samples
annealedsochronally,we see that aanocrystalline microstrixgre remains stable after one
hour annealingat 600 °C. Above this temperature, at 700, a fraction of the grains grow
abnormally into the nanocrystalline matrix, resulting in a bimodal microstructure vahere
few grains grow above 100nm, while the méjoof the microstructure remains nanoscale.
Theseabnormal grains exhibit a range of sizes, all of which are less tmmahd are
surrounded by grains of approximately 100nm or less in diamé&tee. approximate
temperature of 708C is given by the equilibrium FNi-Zr ternary phase diagram [34] to be
the point at which the beto-fcc transition occurs. The extent of abmail grain growth
continues to increase at 880, consuming the majority of the microstructure, and leaving
only a very small fraction of the microstructure nanocrystalline.

Further increases in annealing temperature above “@O0Ocaused the complete
consumption of the smaller grains (nano and ultrafine) iR ReZr;, which leads to the
formation of a more uniform large grain assembigure5.4 shows thatarge grainshaving
an averageliameter of approximatelyudn are nowpresent throughout the micrasttureof
Fey:NigZrifor both900°C and 1000C. In comparison, the gfNigalloy (Figure5.4) shows
more grain growth, which is most dramatic at 1600 Extended isochronal heat treatments
at 900 and 1008C were also performed on bothgfeisZr; andFeg,Nig up to 24 hoursThe
hardness tests and grain growth investigatienealed that 90 % of the microstructural

coarseningfor both alloys occurred within the first 15mins of annealing, wiigligible
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coarsening occurring from 1hr to 24hrs. Thes#hermal annealingtudiessuggesthat the
reported grain size given iRigure 5.4 is the limiting grain size fomoth Fey;NigZr; and
FeyNig. Figure 5.4 demonstratethat the grain size dfeyNigZr; after annealing at 100t
is significantlysmaller tha that for Fey,Nig annealed under the same conditions as was also

reportedfor pure Fe28].

Figure 5.4 Channeling contrast images ofgpéig annealed at a) 9 and b) 1006C and
of FeyNigZr; annealed at c) 908C and d) 1000°C. Average grain size is smaller in the
ternary alloy than that of the binary alloy indicating better high temperaabiitst
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¢

0.5 m

Figure 55 TEM images of FgNigZr; alloy annealed at 100fC. It shows that micron size
grains are present as shown (a) bright field (BF) and(b) dark field (DF) images(c)
Diffraction pattern (DP) from large view of the sample shows bat iatermetallic rings.
Extra rings (indicated by arrows) were used to image the intermetallics sh¢syn in

Additional microscopy studies reveaéd that the grain growthat higher annealing
temperature was coupled with secqithse precipitatiarFigure 5.5 shows TEM images of
Fey:NigZr; alloy annealed at 100%. It revealsthat micron size grains are presastshown

in bright field (a) and dark field(b) images The TEMdiffraction pattern also confirms the
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formation of second phaseBiure 5.5(c)). FeZr was identified as the second phase, based
on the TEM diffraction pattern , energy dispersive spectroscopy studieshenceported
phasediagram for the F&i-Zr system[35, 36]. Further investigation was carried out to
image the seconghase particles by selecting the extra ring in the diffraction pa#tern
indicated by arrows irigure 5.5(c). It can be seefrom Figure 5.5(d) that precipitates are
mostly less tharROnm and located within the matrix of the grains andusad the grain
boundariesHRTEM micrograpl in Figure 5.6 confirm thatthe precipitatescan beas small

asa fewnm in diameter
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Figure 5.6 High resolution transmission electron microscopy images (HRTEM) of
Fey:NigZr; alloy annealed at 1008C showimg second phase particles as small as a few
nanometers in diameter.

5.4.2 Mechanical Properties

The mechanical behavior of the samples has been studied with respect to the effect of
composition variation, that is, nickel and zirconium addition, and osimucture
development during annealing. The important features based on microhardness and shear

punch tests, respectively are illustratedrigures5.7 and5.8.
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Figure 5.7 Vickers hardness and grain size vs. isochronal (1h) annealing temperature for
ternary Feg;NigZr; alloy annealed at different temperatures up to P000For comparison,
hardness data for pure Fe and binary¥g alloy is also displayed together.

Figure 5.7 showsthe indentatiorhardnessand grain size vs. isochronalhjlannealig
temperature fopure Fe, F&Nig, andFey)NigZr; alloys annealed at different temperatures up
to 1000°C. The room temperature values are themdlted hardnessin the asmilled state,
the microhardness of eNigZr; is 10GPa while it is 8.8GPa and 9R&for pure Fe and
FeyoNig alloy, respectivelyerror bars are smaller than +0.3GPa). Teendled hardness of
FeyiNigZry is higher than pure Fe and¢idig; this is due tograin refinement strengthening

andsolid solution hardenings confirmed by xay and TEM/diffraction analysis.
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Figure 5.8 Shear punch test curves for pure FeyRig and Fg:NigZr; alloys at 90F°C and
for FeyNigZr, at 1000°C.

The annealing of pure Fe andyfdig leads to a small reduction in hardness at 400
whereas the hangss decreases dramatically betweeni4@00°C as a result of rapid grain
growth [22, 28, 37]. Moreover, the initial annealing d¥eyNisZr; at 400°C and 600°C
causes a small decrease in hardness and the grain size does not increase significantly,
remaining approximately constant below 15nm as measureerdy analyss. The @crease
in hardness at low temperatures without significgrain growth was attributed to grain
boundary relaxation anthe annihilation of the statistically stored dislocations that were
generated by the plastic deformation during mglj37, 38]. Further increases in annealing

temperature foFey;NigZr; caused a gradual decrease in hardness up t6G0dfterwhich
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the hardness drops to about 6.44 and 5.85GPa at 900 andQ,0@&pectively, due to the
formation of micron scale grains. However, the hardness valueBefgdisZr; remains
elevated with respect to Fe andyfNag.

Shear punch tests were conductedalidate the hardness values versus grain size for
higher annealing temperaturdsgure 5.8 shows the shear stress versus displacement plot
from shear punch tests performed on pure FeNRgand Fg:NigZr; annealed at 90%C and
for Fey;1NigZr; alloy annealed at 100TC. The shape of the stresdisplacement curve varies
significantly with the composition of alloys, that is, ultimate shear stress increases and
displacement decreases with nickel and zirconium addittas clear fromFigure 5.8 that
the shear stresses of pure Fe angNig alloy reach to 450MPa and 500MPa, respectively,
after 1h annealing at 90%C. A drastic increase in the ultimate shear stiesbviousfor the
ternary alloywhich is close to 100@Pa for anneahg at 1000°C while it becomes even

more impressive and asceyabove 1120MPa after 1h annealing at 800

The ultimate shear stressesopimﬂicatir@tha{the wi t h

alloys have reached the full strengthening after annealing &i(®8ad 1000C followed by
compaction at 506C. Better ductility might be expected from ternariogs considering the

large grain sizeshowe\er, a major difficulty in tle study of the mechanical properties of
mechanically alloyed materials has been the problem of consolidating the powders free from
artifacts and porosit}39] that can mask the inherent mechanical praépsrand reduce the
ductility. It was alsoreported that the inability of the hard,Ee second phase particles to

deform during compression decreases the ducféidy.
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5.5. Discussion

In the present work, we investited the grain growth and mechanical propertiea of
ternary nanocrystalline alloyFé&:NigZr;), as a function of annealing temperaturdhe
results wereeomparedo pure nanocrystallind=e andthe parent binary nanocrystalline alloy
FeyoNig. Annealing @ the asmilled nanostructuretbr pure Fe and keNig alloyed powders
resuled in a rapid reduction inhardness, indicatinghe overall coarsening of the
microstructures to the micron scakhis is in agreement with the previous findirfgg, 28,

37, 41] where nanocrystatie Fe shows drastic grain growth at temperatures in excess of 0.4

to 0.45 of its melting temperatuf@50 °C i 500 °C) and Fei Ni alloys appear to be only
marginally more stable than pure Héne addition of 1at% Zr to nanocrystallinegféis as
reportedin the present studyhas a moderate effect on stabilizing the microstructure. The
following discussion will address the apparent modes operating to stabilize the
microstructure against growth and to increase strength and hardness despite the loss of the
nanocrystalline grain size.

The lattice parameteesultsshown inFigure 5.1 reveal that there is a rapid decrease in
the lattice parameter &fey)1NigZr, with increasing temperature while the decrease is notably
smaller forpure Fe and keNig. Electron difraction patterns ang-ray diffraction pattems
did not reveal the presence of secondary phases in as milled poliviassbeen repted by
different authors that awilled alloys have lattice parametdesger than those of equilibrium
alloys, due to acancy complexes and dislocations induced by plastic deformpgtin

Elimination of storedstrainenergy(due to gram boundary relaxation and the annihilation of
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the statistically stored dislocations and excess vacancy complexes that were generated by the
plastic deformation during millingn Fe basednanocrystallinealloys wasreportedto occur
well below the onsettemperaturefor grain growth, generallyexpeded to be approximately
400to 450°C [28, 37, 41, 43]. Thusit canbe expectedthat the majority of the asmilled
strainwill be releasedat temperaturegetween100and300°C. The monotonicdecreasén
lattice parametebserve for the FeyNigZr; alloy at temperaturesvell above300 °C can
thereforebe explainedby the diffusion of Zr soluteout of the FeNi lattice. The segregated Zr
solute can either reside in the grain boundaries artermetallic phases with Fe and or Ni.
If it resides within the grain boundaries it can éavtwaefold effect; from a thermodynamic
perspective it can lower the interfacial enesglile, kinetically it can cause solute drag,
particularly at low temperatures and/or driving forcd3espite the possibility that
thermodynamic effects may contribute to the observed stability, thermal stability observed
below 700°C may be entirely consistent with kinetic stabilization of the grain size and no
appeal to thermodynamic stabilization is necessary.

Above 700°C, a certain fraction of grains grow abnormally into the nanocrystalline
matrix. In thermally stabilized Fe based alloys, namelyTFg44], FeTa [22] and FeZr
[21], the development of abnormal grain growth walso observedDake et al.[44]
attributed abnormal grain growth during annealing=@Ti alloys to reduced free energy
with the appearance of the fcc phase which has a lower freeygharga bcc solid solution
of the same composition. Thus, any fcc grain nucleated at this tempeeatges(above 700

°C) in the FegiNigZr, alloy will grow into a matrix of bcc grains and reduce both the total
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area of grain boundaries and the overaltesi energy in the sample. This gives the fcc grains

a significant growth advantage over bcc grains, resulting in abnormal grain growth and
ultimately loss of nanostructui higher annealing temperaturd$his phenomenon and its
impact on microstructurevolution of Fg;NigZr; are evaluated by in situ TEM and XRD
studies and discussed in detail in [45].

We detected second phases after conducting TEM investigations for the sample annealed
at 1000°C. The pecipitaton of these intermetallics came nuclated either in the grain
boundaries caused by increaggdin boundary diffusion, or in the grain interiors resulting
from the entropy driven dissolution of the solutegpon phase transformatiof¥6].
Precipitation of a second phase is an important competing reaction in thermally stabilized
systemsby solute segregation to grain boundasege it will consume the solute atoms at
the grain boundaries and will allogxtensive grain growtpd7] if not kinetically hindered.

The microstructure ofFey;NigZr; at 900°C and at 1000C exhibis smaller grainsizes than
the FeyoNig alloy as shown inFigure 5.4. The most likely mechanism for the increased
microstructural stability is thearticle - pinning effect on grain boundaries by formation of
nanosca intermetallics effectively reluang the grain boundary mobilit\WwWhen a grain
boundary is moving through a matrix with second phase particles, the pinninglépeeds
on the volume fraction of particles and particle siZ&; 48]. The potential effectiveness of
the second phagmrticles agyrain boundary pinning points cdie evaluated using Zener

pinning thery [49]:

$1 ™A (5.1)
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Dp is thediameterof the pinning particlethat stabilizethe grain sized, andf is theparticle
volume fraction.Uis a factor that can vary from 0.25 to (49]. Based on the results in
Figure5.5(d) andFigure 5.6 10nm is used as the average patrticle, simd 1500nm is used as

the stable grain size for the specimen annealed at 100Dh&Cvolume fraction of parties

would be between 0.22 vol. %0.44 vol. % for the lower and upper bound &f for Zener
pinning to be the sole source of stabilization. Although the volume fraction of precipitates
could not be quantitatively determined froiangure 5.5(d), as we will show belowt is
estimated to be about &, which would stabilize he grain ste at 871751m according to

Eqg. (5.1). However,the grain size may have already reached 1500nm at 3OGhnealing

by the time enough precipitates are formed to pin the grain boundaries and restrict further
coarseningln addition,Eq. (6.1) was deriveddr samples in which boundary curvature is the
only driving force for grain boundary migration. If coarsening is driven by fcc grains
growing into bcc grains, the boundaries experience an additional driving force (the difference
in specific free energies dfhe bcc and fcc phases), aBd. (5.1) would represent a lower
bound for the limiting grain size. In this case the-twefcc transition contributes to the
discrepancy and explains why stagnation of grain growth occurs at significantly larger grain
size han those estimated from the conventional Zener pinning mibdelalso important to

bear in mindhatthe effectiveness of solute drag as a stabilization mechanism is expected to
decrease when thdiffusion rate of the Zr atoms approaches tf@t grain boundary seH

diffusion (i.e. at high temperatures) anbde stabilization would be controlled by Zener
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pinning rather than solute drag for thmicrostructures obtained at high annealing

temperatures.

Vickers Hardness (GPa)
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Figure 5.9 Hall-Petch plot of the hardness ofradled and annealed EfNigZr; alloy. Pure
iron, FaeoxNiy (x=0-10) and FeyxPh (x=1-5) alloys reported by different authors are also

displayed.

Hardnesslata obtained above 80Q for the ternary alloycorrespondo much higher

hardneswaluesthan estnatedbased on the HaPetch plotin Figure5.9 [28, 37, 43]. This

suggests that there is another contributiomdaodness in addition to grain siZé has been

reported that precipitated & secad phase is extremely hard, @Ba, [50] and can

influence mechanical propertie$51]. The strengthening effects of hard secoptase
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particles are well ablished forconventional grain size metaldtiv regard toparticle size
anddistribution[52, 53].
The hardness can be divided into three categories basetifferent sources of the

strengthening mechanisf4]:

( ( ( (5.2)

H is the overall hardnesHss is the solidsolution strengtheningHo, is the Orowan
mechanisnstrengthening antiypis the grain size strengthening. NidnFe matrix does not
promote significant solid solution hardenidge tothe similar atomicradi. However, slid
solution strengthening can be expected for Zthmasmilled FeNi matrix due to the large
atomic misfit. The lattice parameteatata inFigure 5.1 showed that there is a rapid decrease
in the lattice paramet of the ternary alloy from 0.287@#h in the asmilled state to
0.2869%m for the anneals up to 86Q, indicating the lgs of zirconium solute from solid

solution The lattce parameter remains at 0.28685for higher annealing temperatures as

shown inFgure 51. This implies that zirconium either segregated to grain boundaries or

formed intermetallics for thepecimen annealed at high temperateré®0°C. Thus, solid
solution hardening can be neglected Ho. (.2), leaving two possible strengthening

mechanisms to be considered: Orowa HaltPetch strengthening

( ( (53)
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The contribution of the grain size oniestted overall hardness shown inFigure 5.9 and
can becalculated by the HalPetch equatiofb5]:
( ( BT (54)

Ho (2.5 GPa) andt (20.4 GPa niff) are the constants determined from the interaep the
slope, respectively, dhe dashed line iRigure5.9 andd is grain size.
The flow stress increaseue to a random distribution of impenetralplarticlescan be

estimated using the Orowaikshby equationwhere = 2b is taken as the core rad[G6§]:

A — 0 (5)

A is the flow stress due to mipitation strengtheningV is the Taylor factor, taken as 2.5
for the bcc crystal structure [52(; is the shear modulus, equal to 83FBd], b is the
Bur ger g squalte 6.248nmM57], andais themeaninterparticle spacingn the slip

plane a: D, and the volume fraction of precipitatésyre related by58]:

S (5.6)

Eqg. (5.5) can be rewritten in terms of hardness by applying @ar 6 s r e @3 §i ons hi

[59]:

( ok o— 1 (5.7)
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The ®@mbination ofEq. 6.3), Eq. (5.4) andEq. (5.7) results inEq. (5.8), which shows the

depemlence of the overall hardness on @@wan and grain sizgrengtheningffects.

( ( o——1F+ EA 7 (5.8)

Grain size strengtheningd(;r) was calculated frorizq. (5.4) (also confirmed by the Fe
Ni datapoints on the plotand subtracted from the overall hardness to obtain the Orowan
strengtheningHoro). It was found that hardness ditethe Orowan strengthening indicated
by arrows inFigure5.9 is 3.5GPa, 3GPa and 2.B& for the samples annealed at 800900
°C and 1000°C, respectivelyWe canestimatethe interparticle spacing frofq. 6.7) and
the precipitatevolume fraction fromEq. (6.6) as approximately37nm and 3.8pct,
respectivelyffor the sample annealed at 100 As stated previously thisould stabilize the
grain size at 8475nm at 1000C. It is worth noting thathe contribution from Orowan
strengthening to overall hardness decreases with increasing iagngahperature. This
suggestdhat second phase particles coarsened and yieldgdrlinterparticle spacing and

less hardening according Ew. 6.7).

5.6. Conclusions

Pure Fe,FeyNig, and Fey:NigZr, alloys have been investigated with respect to their
microstructure and mechanical properties for annealing temperatures up f£1668m the
results the following conclusions are drawn:

1 Using mechanical milling, Fdli-Zr powders were hardened up to 10GPa by the

mechanism of grain refinement strengthening and solid solution hardening.
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1 Subsequent annealing of pure Fe ang)Nfig alloy leads to reduced hardness and
extensive grain growth, indicating that the nanostructure developed by ball milling is
not retained during annealing.

! Annealing studies showed that up to 6@) the microstructure of EfNigZr; alloy
remains nanoscale (belo¥snm). At 700°C annealing, grain growth of the ternary
alloy occurs in an abnormal manner. However, the average grain size is still
nanoscale, that is, smaller than 100 nm. This remarkable thermal stability of the
microstructure, in comparison to pure &w®d Fg:Nig alloy, is attributed to solute drag
with possible some reduction in the total grain boundary energy due to solute
segregation.

1 At higher annealing temperatures, Zener pinning of the grain boundaries,Xry Fe
second phase particles contributedrte stabilization of the microstructure.

1 The results from the microhardness and shear punch tests show that Orowan particle
strengthening is an important contributor to strengthening gNKZr; at high

temperatures.

5.7. References

[1] H. Gleiter,Advanced Materials 4 (1992) 474

[2] C. Suryanarayana, Advanced Engineering Materials 7 (2005) 983

[3] C. Suryanarayana, Jedournal of the Minerals Metals & Materials Society 54 (2002)

24



[4]
[5]

[6]
[7]

[8]
[9]
[10]
[11]

[12]

[13]
[14]
[15]
[16]
[17]
[18]
[19]

[20]

84

C.C. Koch, Journal of Materials Science 42 (2007) 1403

T.R.Malow and C.C. Koch, Metallurgical and Materials Transactions A 29 (1998)
2285

H.V. Atkinson , Acta Metallurgica 36 (1988) 469

C.C. Koch, R.O. Scattergood, K.A. Darling, and J.E. Semones, Journal of Materials
Science 43 (2008) 7264

T.R. Malowand C.C. Koch, The Minerals, Metals & Materials Society (1996) 33

C. Suryanarayana, International Materials Reviews 40 (1995) 41

J. H. Driver, Scripta Materialia 51 (2004) 819

J.W. Cahn, Acta Metallurgica 10 (1962) 789

S. Libardi, M. Lemi, L. Facchini, M. D'Incau , P. Scardi, and A. Molinari, Materials
Science and Engineering A 445 (2007) 244

M. Hillert, Acta Metallurgica 13 (1965) 227

S.P. Ringer, W.B. Li and K.E. Easterling, Acta Metallurgica 37 (1989) 831

R. Kirchheim ,Acta Materialia 55 (2007) 5129

R. Kirchheim , Acta Materialia 51 (2007) 5139

P.C. Millett, R.P. Selvan, S. Bansal and A. Saxena, Acta Materialia 53 (2005) 3671
J. Weissmuller, Nanostructured Materials 3 (1993) 261

C.E. Krill, H. Ehrhadt and R. Birringer, Zeitschrift Fur Metallkunde 96 (2005) 1134
B.K. VanLeeuwen, K.A. Darling, C.C. Koch, R.O. Scattergood and B.G. Butler, Acta

Materialia 58 (2010) 4292



85

[21] K.A. Darling, B.K. VanLeeuwen, C.C. Koch and R.O. Scattergood, MaterigdaSc
and Engineering A 527 (2010) 3572

[22] K.A. Darling, B.K. VanLeeuwen, J.E. Semones, C.C. Koch, R.O. Scattergood, L.J.
Kecskes and S.N. Mathaudhu, Materials Science and Engineering A 528 (2011) 4365

[23] E. Botcharova, J. Freudenberger and L. SchAlira Materialia 54 (2006) 3333

[24] F. Ebrahimi and H.Q. Li, Scripta Materialia 55 (2006) 263

[25] J. Weissmuller, Journal of Materials Research 9 (1994) 4

[26] L.B. Hong and B. Fultz, Journal of Applied Physics 79 (1996) 3946

[27] Y. Mishin, M.J. Mehl, ad D.A. Papaconstantopoulos, Acta Materialia 53 (2005)
4029

[28] H. Kotan, M. Saber, C.C. Koch, R.O. Scattergdddterials Science and Engineering
A 552 (2012) 310

[29] M.U. Cohen, Review of Scientific Instruments 6 (1935) 68

[30] J.I. Langford and A.J.GVilson, Journal of Applied Crystallography 11 (1978) 102

[31] R.K. Guduru, K.A. Darling, R. Kishore, R.O. Scattergood, C.C. Koch and K.L.
Murty, Materials Science and Engineering A 395 (2005) 307

[32] L.J. Swartzendruber, V.P. ltkin, C.B. Alcock, Rh&guilib. 12 (1991) 288

[33] M. Umemoto, Materials Transactions 44 (2003) 1900

[34] F. Zhou, X.Z. Liao, Y.T. Zhu, S. Dallek, and E.J. Lavernia, Acta Materialia 51 (2003)
2777

[35] V. Raghavan, Indian Institute of Metal 6 (1992) 1094



86

[36] V. Raghavan, Joual of Phase Equilibria and Diffusion 30 (2009) 104

[37] T.D. Shen, R.B. Schwarz, S. Feng, J.G. Swadener, J.Y. Huang, M. Tang, H. Zhang,
S.C. Vogel and Y. Zhao, Acta Materialia 55 (2007) 5007

[38] M.F. Ashby, Journal of Metals 21 (1969) 399

[39] C.C. Koch Scripta Materialia 49 (2003) 657

[40] D.P. Abraham, J.W. Richardson Jr and S.M. McDeavitt, Materials Science and
Engineering A 239 (1997) 658

[41] R.T.Malow and C.C. Koch, Acta Metallurgica 45 (1997) 2122

[42] R.E. Schramm and R.P. Reed, MetalloagiTransactions A 7 (1976) 359

[43] R.K. Guduru, R.O. Scattergood, C.C. Koch, K.L. Murty, S. Guruswamy and M.K.
McCarter, Scripta Materialia 54 (2006) 1879

[44] J.M. Dake and C.E. Krill lll, Scripta Materialia 66 (2012) 390

[45] H. Kotan, K.A. Daring, M.Saber, R.O.Scattergood and C.C. Kodburnal of
Materials Sciencd8:22512257 (2013)

[46] P.C. Millett, R.P. Selvam and A. Saxena, Acta Materialia 55 (2007) 2329

[47] B. Farber, E. Cadel, A. Menand, G. Schmitz and R. Kirchheim, Acta Materialia 48
(2000) 789

[48] T. Gladman, Proceedings of the Royal Society of London Series A 294 (1966) 298

[49] F.J. Humphreys, M. Hatherly, Recrystallization and Related Annealing Phenomena,

second ed. Elsevier 2004



[50]

[51]
[52]
[53]

[54]

[55]

[56]

[57]

[58]

[59]

87

N. Das, P. Sengupta, S. Roychowdhury, G. ShainS. Gawde, A. Arya, V. Kain,

U.D. Kulkarni, J.K. Chakravartty and G.K. Dey, Journal of Nuclear Materials 420 (
2012) 559

F.Stein, M. Palm and G. Sauthoff, Intermetallics 13 (2005) 1275

E. Arzt, Acta Materialia 46 (1998) 5611

A.D. Brailsford and P. Wynblatt, Acta Metallurgica 27 (1979) 489

D. Srinivasan, R. Corderman and R. Subramanian, Materials Science and Engineering
A 416 (2006) 211

E.O. Hall, Nature 173 (1954) 948

D.J. Bacon, U.F. Kocks and R.O. Scattergood, Philosap Magazine 28 (1973)
1241

X.D. Liu, M. Nagumo and M. Umemoto, Materials Transactions Jim 38 (1997) 1033
J. Ferguson, H. Lopez, D. Kongshaug, B. Schultz, and P. Rohatgi, Metallurgical and
Materials Transactions A 43 (2012) 2110

J. Moon,S. Kim, J.l. Jang, J. Lee and C. Lee, Materials Science and Engineering A

487 (2008) 552



88

6. AN IN SITU EXPERIMENTAL STUDY OF GRAIN
GROWTH IN A NANOCRYSTALLINE Fe g)NigZr; ALLOY

Hasan Kotan, Kris A. Darling, Mostafa Saber, Ronald O. 8aaibd, Carl C. Koch

Journal of Materials Science Volume 48,Issue 5 pp 22512257 (2013)

6.1. Abstract

Grain growth and microstrtral evolution of thermally stabilized &®&lisZr; were
investigated byn situandex situstudies. Our investigations suggest that the microstructural
evolution is fairly slow and the microstructure shows stabilization up to abofC7@bove
this tempraturea certain fraction of grains grow abnormally into the nanocrystalline matrix,
resulting in a bimodal microstructueand causing the complete loss of thermal stabilibhe
reason for abnormal grain growth and the loss of thermal stability isifiddnas the
appear anc ephasé and doeseqiient ceduttionhia total area of grain boundaries
and the overall stored energy.
Keywords: Nanocrystalline materialsThermal stability Abnormal grain growth; in situ

transmission electron microscop¢TEM); in situ X-ray diffraction (XRD); Phase
transformation

6.2. Introduction
Nanostructurd materials are promising for structural applicatighg However, their

widespread application is limitdaly an inherently higy driving forcefor thermally induced


http://link.springer.com/journal/10853
http://link.springer.com/journal/10853/48/5/page/1
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grain growth even at low temperaturg¢®-4]. Accordingly, the understandiraj andcontrol
over grain growthin nanoscale matials is of great technological and scientific importance
[5] asmanyphysical propertie§.e. mechanical properties) are functionshafaverage grain
size and the grain size distributiamthin the microstructurgs,?].

In the last decade, extews investigations into the stabilization of metallic
nanocrystalline microstructures have been carried out to impheestability. In spite of a
high driving force for grain growth, significant stabilization has been rep@8dd]. This
stabilization and resistance to grain growtds beerattributed to reducing the energy of the
grain boundaries with solute segregation (i.e. thermodynamic stabilizgtigndr reducing
the mobiity of the grain boundagis bygrain boundary pinning (kinetic stabilizatiof)5].
Neverthelessthereported works havdor the majority, been based on analysis of evolved
microstructuregpost thermal processingnd notby direct observatiomt temperature This
is of fundamental importance as it is unclear how grain coarsening occurs imsyste
stabilized against growtilhe advantage ah situ microstructural evolution studies comes
from directly observing this phenomenon and its kinetics such that the respective mechanism
and driving force can be understood in detail.

In this work, we usedn situ transmission electron microscopy (TEM) with video
imaging andin situ X-ray diffractomety (XRD) to directly follow grain growth and
microstructural evolution in suchisystem as a function of temperatugs. situexperiments
arealso reported giving a broader perspective of the microstructure at longer annealing times.

The information obtaied from these experiments enables the real time observation of
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microstructural evolution and phase transformation and provides a unique view of dynamic

reactions as they occur.

6.3. Experiments

A ternaryFey;NigZr; alloy was chosen as the stabilized-lased nanocrystalline alloy
for this study.As starting materials, appropriate masses of elemental Fe ¥99.8i (99.9
%), and Zr (99.7%6) powders were mixed with 440C stainless steel balls and sealed in a
hardened steel vial under an argon atmosphese<(® ppm) prior to milling. Ball milling
was performed with a SPEX 8000 model miral for 20 h. After milling, powders were
isochronally annealed at 60, 7@ °C, 800°C, and 900°C in a 98% Ar + 2% H, gas
atmosphere for h with subsequent cooling ithe furnace where the cou rate was less
than 23 °C per second. The silled powder was used as the starting material for annealing
at each temperature. Microstructure of the samples is characterized by focused ion beam
channeling contrast imaginglB-CCl). FIB-CCIl images were obtained using backscattered
electrons produced by the ion beam from one powder particle.

The ion beam waalsoused to preparan electron transparent sample fromnagled
powder for then situ transmission electron microspy (TEM) annealing experiments. The
sample was mounted in the Aduro holfi&8] and imaged in a Hitachi HEO0OO TEM. The
Aduro system uses a flat, ceramic membrane asdtiee specimen support to enable fast,
stable and accurate thermal analysis. The membrane has a small thermal mass, which allows

for extremely fast heating rates up t6° £C/sec with virtuallyinstantaneous temperature
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stabilizationand accuracy of + B:3 °C. The whole experiment was recorded with a video
imaging in bright field (BF) mode to directly observe grain growth in the initially
nanocrystalline sampl&@he increment of the temperature was'G@uringin situannealing.

High temperature XRD ahgis was carried out using an Anton Paar HTK 2000.
Samples consisted of a thin layer of powder place onto a Pt strip. A given sample was then
brought into alignment on the optical axis of the diffractometer. The heating chamber was
pumped down, under a @aum of approximately Id Torr and backfilled with a He 3 %
hydrogen forming gas to prevent oxidation of the powders during examination. The sample
was then resistively heated to temperature at a rate ¥/8fin, at which point it endured a
10 min isohermal anneal, before performing a 17 min long diffraction scan at the respective
temperature. The sample temperature was increased to the next desired set point and the
isothermal/scanning process repeated as done previously. This process was repes&d to
the following temperature range of 80, 500°C, 600°C, 700°C, 750°C, 800°C, 900°C
and again at 31C to complete the test. The grain size at temperature was calculated using

the Scherrer Method.

6.4. Results and Discussion

Figure 6.1 illustrates the morphological evolutionof nanocrystalline FgNigZr;
subjeced to than situthermal annealing in the TEM up to 980. Thesnapshotsvere taken
from the video and, in general, the majority of the observed grain growth ceased within the

time frame given irFigure6.1. The real time monitoring of the microstructure duringitu
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thermal treatments revealed negligible grain growth until 8D0 Grain growth become
discernibleat 500°C andall visible grains in the view remained smaller thannB0 up to
annealingo 600°C. Gradual increase of the average grain size (i.e. average grain diameter)
is observedwith the increase in temperature amdew grains reached the size of 16t

after 15 sat 700°C. Above this temperature, a certain fractfrgrains grev rapidly into the
nanocrystalline matriwithin the first few seconds of annealjngesulting n a bimodal
microstructure at 7°C. Abnormal grain growth continued at the expense of their neighbors
with the increase in temperature to 800 850°C. Further increase in annealing temperature

to 900°C caused the complete consumption of the smaller grains in the microstructure and
led to normal grain growth where thmicrostructure exhibits a uniform increase in sitlee

last micrograph irFigure 6.1 shows that grains in the viewing area are fairly uniform and

reached the size of 400 nm after 25 s at®@@nd the nanocrystalline microstructure is lost.
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Figure 6.1 Sequence of plamiew bright field TEM micrographs showing the morphologica
evolution of nanocrystalline BfNigZr; alloy during in situ thermal treatments. Below 700

the nanocrystalline microstructure remains stable. Above this temperature, a sudden
abnormal grain growth is observed resulting in loss of thermal stabilityimfdges are
recorded at the same magnification. Temperature and the time at given temperature are
displayed at the upper left corner of each micrograph.
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Figure 6.2 Channeling contrast images ofgféisZr; asmilled, annealed at 660, 700C,
80C°C, ard 90C°C. There is not significant grain growth after one hour annealing 0600
Above 700C, a certain fraction of grains grow abnormally into temperatures, nanocrystalline

state is lost and sudden grain growth is observed.
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In addition to rapid andtmormal grain growth above 706G, we also observedlloss of
contrast between neighboring grawgh the eventual disappearance of trains or the
boundarybetween themThe orientation of two grains has to be within a few degnees
order to appear inthe same imageThe fact that neighboring regiorsppear/disappear
suggests that these regsorepresent grains that have rotated into alignment with their
neighborsto attain the orientation of one of its neighbors. The driving force for the grain
rotation might arise from the tendency of the grains to reduce their overall grain boundary
energy due to misorientatianghis rotation of the adjoining grainis presumably required
for crystallographic alignment before the subsequent merging of the two tpaattsin the
minimum crystallographic energy stdteY].

In situ TEM observation indicated that microstructural changes and graimtlgrare
fairly slow as the nanocrystalline state remains stable until’@0®owever, they become
extremely fast especially for the first few seconds of annealiap@te750 °C, resulting in
sudden abnormal grain growth and loss of therstebility. The view of the microstructure
waslimited in thein situ TEM experimentand the annealing time was rather short. taék
advantage oéx situannealing to investigate the microstructure subjected to longer annealing
time and to eliminate the possible irdlices to grain growth by the free surfaces of the TEM
sample.Figure 6.2 reveals low magnification FIB images of the-ragdled specimen and
annealedat 600°C, 700°C, 800°C, and 90C°C for 1 h.Upon comparison of the asilled
microstructurenith samplesannealed isochronally, waee that there is not a significant grain

growth after one hour annealing at 600. Above this temperature, at 760, a certain
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fraction of grains grow abnormally into the nanocrystalline matrix, resulting in a bimodal
microstiucture.That is, a few grains grew to above the nanoscale, greater thauml @thile

the majority of the microstructure remained nanosche. extent of abnormal grain growth
continues to increase at 880, consuming the majority of the microstructured deaving

only a very small fraction of themicrostructure nanocrystalline-urther increases in
annealingtemperatureto 900 °C caused the complete consumption of the smaller grains
(nano and ultrafine) in BeNigZr;, which leads to the formation of a meouniform large

grain assembly
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Figure 6.3 In situ XRD scans of a kfNigZr; alloy during isochoric annealing from room
temperature to 90C. The first scan 3 is the initial microstructure showing brobdc Fe
peak. As indicated, fcEe peak appearound 658C andbcc Fe peak remains stable up to
90C°C. The last scan 38C is after heat treatment showing the disappearance dtd¢Hee
peaks and the reappearance ofitbeFe.
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Consistent observation froex situFIB andin situ TEM results demonsites that the
majority of the nanocrystalline microstructure of the ternary alloy remains stable up to about
700 °C showing excellent thermal stabilizatimompare to reportedexamples opure iron
and FeNi alloys [18-21]. It is postulated that the gragrowthin Fe-Ni-Zr alloy below 700

°C was blocked by the interaction between the grain boundaries and zirconium sdlue by
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solute drag affect and reduction ihe grain boundary enerdgy22]. Above 700 °C, the

development of abnormal grain growth and consequent loss of thermal staadigbserved

by thein situandexsitu studiesDake and Kirill[23] reported that the abnormal grain growth

in binary FeTi alloy is duet o ttdwe tU ansf or m&Q. This phermrbemonand 9 0 0

its impact on microstructure evolutiand abnormal grain growth wenevestigatel by in

situ X-ray diffractometry for identification of the phases present during thermal annealing.
Figure 6.3 shows diffraction patterns obtained foroffdéigZr,duringisochoricannealing

up to 900°C for a total duration of 4 hrs, such that analysis at each temperature took

approximately 30mins. A slight horizontal shift as a function of temperature was naticed i

the peak positions due to thermal expansion of the lattice with increase in temp@4ture

The XRD results reveal that the microstructure remains pure bcc up to annealing’® 650

where an fcc peak was first observed. The intensity of the fcc peak &Ca5@ubstantially

lower suggesting that the volume fraction of the fcc phase is very small and it is just

beginning to nucleate and grow. It is worth noting that the fcc peak is marcbwer than

the bcc peak at and above 7 While the bcc peak narrows with temperature it remains

fairly wide even at 80 900 °C. It indicatesthat even at smalolume fractions thdcc

grains are much largen average than the bcc grains, implythat thelarge grains formed

above 700°C are fcc while small grains detected in the microstructure are bt

Comparison ofigures6.1 and6.2 with the data obtain frorRigure 6.3 suggests that the bcc

to fcc phase transformation is, indeed, resgade for the rapid formation of large (fcc)

grains in (bcc) nanocrystalline matrix above ?@and caused the loss of thermal stability.
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To evaluate this effect, we can estimate the driving pred8ui@ grain growth, which

determinestte velocity 3.

3 = ML® T=.pv (6.1)

M is the grain boundary mobility ar@ is the activation energyt we assume the grains in

the nanocrystalline EM specimen Kigure 6.1) are hexagonal prisms (as in thin films) of

width D and thicknes#$, and define the driving force for grain boundary migration as the
tot al free energy reduction for incrodement al
gran gr owi ng i n a-Fesgmin matrixs duée tothe claoge in Wlume free

energy U ¢ surface energyi(4), and interphase energyain boundary energyi (igp)-

iG @ Quv e 0 24oq o (6.2)
U 4= A= b GD 63)
Ugep=: 10 0Q 10 = ; gQ O (6.4)

As is the free surface ared, is the grain interface ared,is the volume of graing is the
bulk free energy per volumg, is the surface energy parea,|; i s ttdoe iUnt er f ac «
energy per areaand g, is the grain boundary energy per area. The pressure acting on the

grain interfaces will be;

- L T (6.5)
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Combination ofEq. (6.2-6.5) will give Eq. (6.6) where P > 0 will be outward and will drive

grain growth.
p=. — “ g0 0 ZLg : oQ . : (6.6)
p=-4L 9 qo %2 . . - : (6.7)

The grain boundary energynterphase boundary energ¥to-o v o free energy change

andU+to-0 surface energghange areeported to be 0.70 JAf25], 0.8 J/ni [26], 1230J/mol

at 727C[27], and 0.053 J/M[26]r espect i vel y. If o = U (befor
the driving pressure P = 0. f grain forms inUmatrix, it will change the pressure on grain
boundariesand t here wi || be a dri vi-gansbroundngs. t o gr
If we use 150nm as the film thickness, the pressure for grain grdwth +150MPa. By

comparison oin situ TEM andex situFIB images, itappears thasurface energy in thim

situ TEM sample does not affect the abnormal grain growth significaktbreover, the
calculationgor P indicatethat crucial contributionto grain growthcome from the reduction

in the grain boundary energy arostly, from the volume free energy change o rto-oU

This change is large (1230 J/mol) which givke 2 grains a significant growth advantage

over U grains therebytriggeling sudden grain growtin abnormal manneand eventually
causingloss of thermal stabilityThe last XRD scan at 3XC is dter heat treatment and

shows the disappearance of the fcc o9 peaks a
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Thebcc phase remains up to 9D (seeFigure 6.3) even though it is expected to vanish
according to the F&li-Zr phase diagrani2§]. It is wellFknown that the austenite phase
nucleates at GBs, triple points or near regions irb&®ed alloys [29] and that alloying
elements, such as nickel, are redistributed during ticéeation and growth of the austenite
phase [30] enriching the solute atoms at some regions and depleting it in others. We propose
that the initial solute distribution of Ni (an fcc stabilizer), locally high in some regions, will
favor the nucleation andrgwth of austenite at temperatures near the bcc to fcc transition
(~700°C). The growth and formation of these new fcc grains as temperature increases > 700
°C will lead to the incorporation of Ni in higher concentrations than the average global
content wvithin or near the fcc grains. Through mass balance the amount of nickel consumed
or redistributed during austenite formation and growth must also be removed or redistributed
from the surrounding matrix of nasgvains. The resistance to transformation mBsthnewly
depleted (lower nickel content) nagoained regions is now a function of both compaosition
and temperature at®d peceusiclriitbreidunbyp htahsee U i mi t
grains nucleate and grow the local nickel solute content in segiens may approach zero,
thereby pushing the transition temperature up to that of pure iron,®1Bcally. The
diffusivity (for Fe- 10 at% Ni) and diffusion distance calculated framn (6.8) andEq. (6.9)
werefound to be 2.72x14 cmf/sec (based o andD, values obtained from ref. [31]) and

70 nm, respectively, after 30 min annealing at 9D0

0= D, exp (Q/RT) (6.8)
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r= 00 (6.9)

O is the diffusivity, D, is the frequency factoR is the activation energy, is the diffusion
distance is the amealing time,T is the annealing temperature, aRds the gas constant.

This suggests that nickel atoms had the opportunity during thermal annealing to be
redistributed over length scales approximately equal to or larger than the grain size within the
retained nanocrystalline regions. This implies that the small grains observediaa8®00

°C in the FIB images irFigure62ar e bcc U grains that never

consumed by fcc 29 grains during ther mal anne
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Figure 6.4 Grain sizeanalyseof the diffraction peaks shown irgure 6.3, plotted against
annealing temperature for the duration of 30min at eacipérature. The bcc phase consists
of nanoscale grains until 98D, which grow an initial size of 10nm to a final size of 25nm.
The fcc peak was intense enough to calculate grain size %.700



103

Figure 6.4 shows the Scherrer grain size analysis of th&adifion peaks reported in
Figure 6.3. It reveals that the grains of the bcc phase grow from an initial size of 10 nm to a
final size of 25 nm after 30 min annealing at 9Q0(for a total duration of 4hrs). The fcc
phase appears at 650 but the correspaling diffraction peak is not intense enough to allow
calculation of the grain size. The estimated grain size of the fcc phase was approximately 105

nm at 700°C, andproceee@d to increase with increasing annealing temperature.

6.5. Conclusions

The obserations fromin situ and ex situ experiments reported above and the
information obtained from these studies enable us to understand the grain growth in
stabilized FeNi-based alloys. From our observations it is suggested that the microstructural
evolutionis fairly slow and the microstructure shows a solid stabilization up to abodC700
This is attributed to zirconium segregation to grain boundaries and solute drag effect. Above
700°C the grain growth kinetics becomes extremely fast, especially fdirshéew seconds
of annealing and causes a sudden grain growtlabinormal manner. The reasons for
abnormal grain growth and the loss of thermal stability were identified as the appearance of
t he f cc oonspguentedeictian mttie total area of grain boundaries and the overall

stored energy in the sample.

Nomerclature

M is the grain boundary mobility
Qs the activation energy
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3is thevelocity of grain boundary

D is the grain diameter

his the specimen thickness

D is the incremental growth
U Gs the change in volume free energy

U 4is the change in surfaceeangy

U jgb is the change in the interphase enegggin boundary energy
Asis the free surface area

A is the grain interface area

Vis the volume of grains

g is the bulk free energy per volume

1sis the surface energy per area

lii s #ome i Uh tesergy @ecaea

1gbis the grain boundary energy per area

P is the pressure acting on the grain interfaces

Qs the diffusivity

D, is the frequency factor

r is the diffusion distance

tis the annealing time

T is the annealing temperature

Ris the gas anstant
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7.1. Abstract

The stability of nanostructured fgxyNixZry alloys during post processing at elevated
temperatures has been investigated. Emphasis was placed on understanding thefeffect
composition and microstructural evolution on grain growth and mechanical properties at
temperatures near and above tlecto-fcc transformation Results reveal that
microstructural stability is lost due to thecto-fcc transformation(occurring at700°C) by

the sudden appearance of abnormally grown fcc grains. However it was determined grain
growth can be suppressed kinetically at higher temperatures for high Zr content alloys by
precipitation of intermetallic compounds. Eventually at high enoughpéeatures, and
regardless of composition, the retention of nanocrystallinity was lost, leaving behind fine
micron grains filled with nanoscale intermetallic precipitates. Despite the increase in grain
size, the imsitu formed precipitates were found todute an Orowan hardening effect
rivaling that predicted by Hall Petch hardening for the smallest grain sizes. The overall

transition from grain size strengthening to precipitation strengthening is reported for these
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alloys. The large grain size and highegipitation hardening result in a material which
exhibits high strength and significant deformation properties.

Keywords: Nanocrystalline materials; Thermal stabilization; Grain growth; Zener pinning;
Mechanical properties; Hease alloys

7.2.Introduction

Steels with nanocrystalline or ultfene grain sizes offer the intriguing properties such as
high strength[1-3] and toughnespt}, 5]. The HallPetch relationship predicts that there is an
inverse relati onshi pgthlamrdtthe average grdinesizemas illestratec | 6 s
in Eq. (7.1)[6, 7] and the largest improvements of which occur at the finest grain size (<100

nm).

., ., ka7 (7.1)

G is yield stresstly is the intrinsic yield stresk,is a constant for a given material, ahis the
grain diameter. However, grain boundaries are sources of internal energy due to the high
atomic disorder and such small grain size configurations account for a large increase in the
total free energy of the system accordindetp (7.2) making the nanomaterialsstable 8-

11].

QO Q0 (7.2)
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As grain boundaries have a surface energy tgrdecreasing the grain boundary area can
decrease the internalosed energy. Thus, the reduction of this excess free ersEgy
provides a strong driving force for grain growth during the processing steps (i.e.
consolidation) and/or productds | ife at pot e
to determir the grain size evolution of such microstructures, as it can drastically change the
mechanical properties.

Here, we describe the microstructural evolution and grain growth in mechanically alloyed
nanocrystalline F&i alloys with Zr addition and differeiatte the stabilization mechanisms
acting on grain boundaries. & alloys are chosen for stability investigations since they are
important for understanding the behavior of many steels and other ferrous alloys. It has been
reported12] that the addition of Ni to Fe did very little to stabilize theNiesystem against
grain growth. Zirconium was shown to be an effective grain size stabilizer in pure Fe-and Fe
base systemfl3-16] and will be investigated in this study. We found that the grain growth
process occurs at higher annealing temperatures with increasing zirconium additions. We
present experimental evidence that reveal thesiples reasons for the microstructural
stability and elevated mechanical properties in spite of micron size grains formed in some

compositions.

7.3.Experiments
Pure Fe, FaNi, and FeNi-Zr alloys were prepared by mechanical alloying. Appropriate

masses Fe (99.9 %), Ni (99.9 %), and Zr (99.7 %) powders were mixed with 440C
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stainless steel balls and sealed in a hardened steel vial under an argon atmosphée (O

ppm) prior to milling. A baklto-powder mass ratio of 10:1 with a powder charge of 5.1g was

loaded into the vials and milled for 20 h using a SPEX 8000 model mixerAs-milled

powders were isochronally annealed up to 1@ a 98% Ar + 2% kigas atmosphere for

one hour with subsequent cooling in the furnace where the cooling rate wisale2s °C

per second. »ay diffraction analysis of the awilled and heat treated powders was
performed withaRigakuX ay di ffractometer using CuKU (@&
parameters and grain sizes WE/Jand tkesSchemeat e d |
formula [18], respectively. The instrument al broad
using a standard alumina sample and assuming a Gaussian peak shape. The lattice strain was
estimated from Williamsoiall analyses [19]. Microstructure of the samples is
characterized by transmission dlen microscopy (TEM), scanning electron microscopy

(SEM), and focused ion beam (FIB) imaging. The ion beam was used for ion channeling
contrast imaging (FIBCCI) and to prepare electron transparent samples for TEM studies.
Microhardness tests were carriedt using a Vickers hardness tester with a 50 g load. The
standard deviation was taken as the error aHED Bheasurements. Shear punch test samples

were compacted under an applied uniaxial pressure e8@Fa and at a temperature of 500

°C in tungstencarbide dies. Hardness measurements confirmed that no significant grain
growth had occurred after hot compaction. Densities varied between 93 and 96 % of the

theoretical values. Shear punch tests were run with an MTS Alliance RT/10 tensile frame at a
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speedof 0.01 mm/min. Details of the experimental setups for shear punch tests were

described elsewhefeQ].

7.4Results

7.4.1. Microstructural characterization of as-milled powders

Figure 7.1 shows(a) the asmilled X-ray diffraction patterns anfb) lattice parameter of
selected alloys as a function of alloy compositions and angeatimperatures. Xay
diffraction patterns from asiilled powderqFig. 7.1(a)) reveal only the presence of bcc Fe.
Upon further analysis of the-ray spectra the fundamental reflections were found to be
shifted to lower angles indicating the possible fation of binary FeNi and ternary FeNi-

Zr solid solution between the respective elements. The peaks ofthidleasalloys exhibit a
significant broadening due to the refinement of grain size and the increase of internal lattice
strain. The calculated ain size and lattice strain for the-iaslled powders were found to be
within 8-11 nm and 0.6D.94 %, respectively, as indicatedkigure7.1(a) Our results are

in good agreement with the reported grain size and lattice strainmoiilad iron [13, 21].
Measurements of the respective lattice paramétegs 7.1(b)) show a systematic increase

due to alloy addition (nickel and zirconium) and support the idea of solid sofotimation.

The room temperature values are themdlted lattice parameters and they include internal
lattice straindue to point defects, dislocations, and grain boundary structure introduced by

mechanicahlloying[12].
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Figure 7.1 (a) Asmilled X-ray diffraction patterns as a function of alloy composkgion)
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7.4.2.Structural evolution and grain growth in annealed samples

Figure 7.2 shows the microstructural evolution of -Ne-Zr alloys as a function of
annealing temperatures and alloy compositions using focused ion beam channeling contrast
images. The corast differences arise due to the ion channeling effect and the micrographs
are presented in a way to make the comparison easier between the respective alloy
compositions and annealing temperatures. The microstructure0fi#e, annealed at 700
°C (Fig. 7.2(a)) showsabnormal grain growth. That is, a few grains grew above 500 nm
while most grains remained nanoscale. The extent of abnormal grain growth continues to
increase at 800C for 1 at% Zr, consuming the majority of the microstructure and leaving
only a very small fraction of the microstructure nanocrystalliig.(7.2(b)). Further increase
in annealing temperature above 8@0caused complete consumption of the smaller grains in
FeyiNigZry, which leads to the formation of more uniform large gragsembly with an
average diameter of 750 nm at M (Fig. 7.2(c)) and 1500 nm at 100%C (Fig. 7.2(d)).
Figures7.2(g) and (h) show the microstructures of dglligZrs at 800°C andFesgNigZry
annealed at 90%C, respectively, i.e. the effect of increasifigcontent. Upon comparison of
Fey:NigZr; annealed at 708C (Fig. 7.2(a)) with FeseNigZrs annealecit 800°C (Fig. 7.2(g))
andFesgNigZr, annealed at 90T (Fig. 7.2(h)), we see that the grain growth process ifNiFe
alloys occurs at higher annealingrigeratures with higher zirconium additions. It was also
found that reducing the nickel amount fromto84 at% does not affect the grain size
significantly for 1 at% Zr at 908C, comparativelyKigs.7.2(c and f) and after annealing at

1000°C (Figs.7.2(d and €). Nevertheless, the micrographs obtained after annealing at 1000
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°C reveal that the microstructures consist of large grains having an average diameter of 1.5

microns for 1 at% ZrKigs.7.2(d and €)and a slightly smaller grain size for 4 at%(Eig.

7.2(i)).

Figure 7.2 FIB micrographs versus alloy compositions (at%) and annealing temperatures; a)
Fe-8Ni-1Zr at 700°C, b) Fe8Ni-1Zr at 800°C, c) Fe8Ni-1Zr at 900°C, d) Fe8Ni-1Zr at

1000 °C, e) Fe4Ni-1Zr at 1@0 °C, f) Fe4Ni-1Zr at 900°C, g) Fe8Ni-3Zr at800 °C, h) Fe
8Ni-4Zr at900°C, i) Fe-8Ni-4Zr at 1000°C
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Additional microscopy and Xay studies indicate that grain growth at high annealing
temperatures is coupled with second phase precipitatiway Miffraction peaks displayed in
Figure 7.3 show that the microstructure of JidigZr; annealed at 1006C consists of
fundamental reflections of alpha bcc Fe only, with no other phases present, while the
intermetallic peaks become discernible at the same annealing temperaturgyfbsZFe
Additionally, the temperature at which the intermetallic peaks first appear is shown to
decrease to 80T with 3 at% Zr and to 708 with 4 at% Zr additions. Further microscopy
investigations reveal that second phase particles were present inidiestracture of
Fey:NigZr; annealed at 100(C although they were not detected byay studies, suggesting
that second phases occupy only a small portion of the microstructure or are very small in
nature.Figure 7.4 shows TEM images of kfNigZr; (Figs. 7.4(ac)) and FegNigZr, (Figs.

7 4(d)) alloys both annealed at 1080. Micron size grains are present irpfNigZr; with

small precipitates within grains and along the grain boundaries. In comparigdhgsFe

shows a reduced grain size and increasecbnd phase particles size exhibiting a larger
volume fraction for the same annealing temperature adliz&r;. The precipitation of these
intermetallics may be nucleated either in the grain boundaries caused by increased grain
boundary diffusion, or ithe grain interiors resulting from the entropy driven dissolution of

the solutes from the graboundarieg11].
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Figure 7.4 TEM micrographs of (&) FeiNigZr; and (df) FeggNigZr, alloys annealed at
1000 °C (1h) showing second phase formation and precipitation coarsening with more
zirconium addition. The extra rings from the large view diffraction patterns of respective
compositions were selectealimage the second phases as shown in (c) and (f).

7.4.3.Hardness and shear Punch tests of annealed samples

Figure 7.5 summarizes the changes (&) hardness an¢b) grain size fromxRD, TEM
and FIB investigationas a function of alloy compositions aadnealing temperatures. Grain
size estimates above 780 were not exact since the obtained microstructures were bimodal,
but they are comparative with hardness. Also included for comparison is data for

nanocrystalline pure Fe and-Re alloys. The room damperature values are therasled



