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ABSTRACT

The beneficial influence of boron additions on pm@eging, microstructure,
physical and mechanical properties of various ittanalloys has been recognized since
1950’s. However, boron additions to titanium alldgsobtain specific microstructures
and mechanical properties for several niche appics, including automotive and
aerospace, have been actively studied during tke 2 years. The addition of boron
concentrations greater than 0.05 wt.% to titanilloys creates a dispersion of TiB. The
presence of TiB enhances the tensile and fatigeagihs as well as the wear resistance
as compared to the original titanium alloy. Althbufpese improvements in mechanical
properties are attractive, there are still two mabstacles in using these alloys: (1)
relationship of microstructure and mechanical prope in Ti-B alloys needs further
investigation to optimize the alloys for specifienemercial applications; and (2) cost to
benefit ratio of producing these alloys is high &given application(s).

The Armstrong process is a novel process that cadupe commercially pure
(CP) titanium and titanium alloy powder directlprin TiCl, (and other metal halides or
as required, to obtain the desired alloy compasjtibhe Armstrong process uses sodium
as a reducing agent, with similar reactions asHhbater process using sodium as a
reducing agent and Kroll process using magnesium r@slucing agent. The Armstrong

process forms CP-Ti and titanium alloyed powdericvitan be directly consolidated or



melted into the final product. In comparing the dstveam processing steps required by
the Kroll and Hunter processes with direct consdi@h of Armstrong powder, several
processing features or steps are eliminated: €ljicgon of batch processing of material,
(2) blending of titanium sponge and master alloyemal to create titanium alloys, (3)
crushing of the sponge product, (4) melting, andséveral handling steps.

The main objective of this research was to charaetetructure and properties of
CP-Ti and Ti-B alloys produced by the Armstronggass. Particular emphasis has been
placed on improved understanding of the strengtitemechanisms associated with the
addition of boron to titanium alloys.

The microstructure and mechanical properties weemeed for commercially
pure (CP) titanium, Ti-0.8wt.%B and Ti-0.9wt.%B g}l powders produced using the
Armstrong process. In order to understand the effeicthe boron additions on a range of
properties, tensile, notched fatigue, fatigue crgobwth and compression testing was
performed on the consolidated and heat-treatedrialateade from Armstrong powder.
These results were interpreted in the light of pstwuctural and fractographic

characterization also performed during the study.
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CHAPTER 1

LITERATURE REVIEW

1.1 Introduction

In the late 1970s, several groups experimented thighaddition of a variety of
non-traditional alloying elements to conventiongdrtium alloys. From these studies it
was observed that the addition of boron improvedyr@operties, including strength, of
conventional titanium alloys. Unfortunately, atttiane, the cost versus benefit analysis
was unfavorable, thus the aerospace and automitikestries were not interested in
pursuing this proces&ecent developments in aerospace and automotivketadnave
created the need for materials that exceed thebdapaf current materials, generating a
demand for materials that can meet these highéorpsgince requirements. For example,
current titanium alloys used in aero-engine appbcs are approaching their strength
and temperature limits, which restricts rotor speeshd maximum use temperatures.
These limits restrict the weight and efficiencytioé engine. In addition, the automotive
industry would greatly benefit from a weight redant of their automobiles by
selectively using titanium instead of steel, butenhbeen limited by the cost of titanium as

compared to steel and aluminum. The desire to iwgrdhe properties of



titanium alloys to keep up with rapidly expandingoguct requirements has ld€d
renewed support of research into the influenceoodiy additions to titanium alloys using
various processing method=he addition of boron to titanium alloys has begported to
improve the strength, stiffness, wear resistana# rarcrostructural stability over the
comparable conventional titanium alléy! However, a better understanding of the
constitution and microstructure evolution, stremging mechanisms and reproducible
and cost effective processing methods are necedbattyese alloys will ever be
extensively used. The purpose of this review iprtavide a comprehensive summary of
the relevant published literature and to assess cilmeent understanding of: (1)
conventional titanium alloys including metallurgyphase transformations, and
strengthening mechanisms; and (2) conventionahitia alloys containing boron
including metallurgy, phase transformations, preces methods, and mechanical

behavior.

1.2 Titanium Metallurgy

To investigate the effect of boron additions oa pioperties of titanium alloys, it
is necessary to first examine conventional titanmetallurgy. In the following sections
general titanium physical metallurgy, phase tramsédions, deformation modes and

strengthening mechanisms will be reviewed.

1.2.1 Physical Metallurgy of Titanium Alloys
Pure titanium has a density of 4.57 g/cc and esdilin allotropic phase

transformation at 1628 (882C)". Between the melting temperature 3W3%1668C)
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and 1626F, titanium forms a stable body-centered cubic (B@€ystal structure [
phase), while the hexagonal close packed (HCP)Xtatrgsructure ¢ phase) is stable
below 1626F. The o/p transformation temperature is known as fhéransus and is
strongly influenced by the purity of the alloy, ariderefore the transformation
temperature is a function of the type and concaatraof substitutional and interstitial
alloying elements present. The substitutional elgn#¢ and interstitial elements O, N,
and C raise the transformation temperature andarsideredx phase stabilizers. Solute
additions of Sn and Zr are considered neutral mx#uey have little to no effect on the
transformation temperature. Hydrogen and many gubshal elements including Mo,
V, Nb, Cr, Fe, and Si are considefeghase stabilizers because these elements lower the
transition temperature.

The transformation from thg phase to ther phase in titanium alloys can occur
either by diffusion controlled nucleation and grbwbdr martensitically by nucleation and
shear depending on the alloy composition and cgoliate. The -crystallographic
orientation relationship between tpegphase and. phase (BCG~» HCP transformation)
for both types of transformations was first studiedhe ‘sister’ element Zr by Burgéfs
and hence has been named the Burgers relationship:

{110}4/{0002},,
<1113||<1120%, [1.1]
Newkirk and Geisléf! later confirmed that this relationship holds fisartium alloys for

both nucleation and growth, and martensitic tramsédions.



1.2.2 Titanium Alloy Classification

Titanium alloys are typically classified in thredferent categories according to
their room temperature constitution and the psedudary section through &
isomorphous phase diagram shown in Figure 1.1.fijuee shows four distinct alloy
categoriesu., o+, metastablg, and stablg. Sincea anda+f alloys are of interest for
this discussion, no distinction between metastfldad stablg alloys will be made and
therefore they will be referred to hereafteBaalloys. A summary of the most important
commercial alloys in each of these three categaleag with nominal composition,
nominalp transus temperature, tensile and fatigue restétsteown in Table 1.£2°

The a alloys consist of commercially pure (CP) titania® well as alloys that
retain up to 5 vol.9% phase upon cooling to room temperature. In generalloys are
lower in strength, more ductile, and more corrosiesistant tham+p andp alloys. The
strengthening of these alloys is accomplished bytroding the composition, grain size
and texture of the. phase. Strengthening through composition conttous by causing
planar slip in thex phase with the limited addition of 21*? (above ~5 wt.%) or &
and solid solution strengthening by Al, Sn an8%?f.. The limited amount o phase (<
5 vol.%) and thermo-mechanical processing is usezbhtrol the recrystallized grain
size and the texture of the allBy. It should be noted that alloys have a lack of
response to heat treatment, therefore grain sidd¢exture of the alloys is set by thermo-
mechanical processing applied to the alloy. Sttesghg mechanisms of these alloys
will be discussed in more depth in the strengthgmirechanisms section. In summary,

these alloys are generally
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Figure 1.1. Schematic of pseudobinary section through a
B isomorphous phase diagram. (cf. ref. 8)



Fatigue Strength
Beta 0.2% Yield (107 cycles,
Common Transus Strength | Elongation| R=0.1, smooth
Name Alloy Composition (wt%) (°F) UTS (ksi) (ksi) (%) bar, ksi)
Grade 1 CP-Ti (0.2Fe, 0.180) 1635 35 25 24 -
Grade 2 CP-Ti (0.3Fe, 0.250) 1680 50 40 20 -
Grade 3 CP-Ti (0.3Fe, 0.350) 1690 65 55 18 -
Grade 4 CP-Ti (0.5Fe, 0.400) 1740 80 70 15 -
Grade 7 Ti-0.2Pd 1680 50 40 22 -
Ti-5-2.5 Ti-5A1-2.5Sn 1905 120 104 10 80
Ti-811 Ti-8Al-1V-1Mo 1905 120-145 | 110-135 8-10 80-87
Ti-6242 Ti-6Al-2Sn-4Zr-2M0-0.1Si 1825 130-172 | 120-158 7-16 85-91
Ti-6-4 Ti-6Al-4V 1825 120-170 | 110-160 10-15 71-90
Ti-6246 Ti-6Al-2Sn-4Zr-6Mo 1725 158-184 | 148-170 6.5-16 90-109
Ti-17 Ti-5Al-2Sn-2Zr-4Mo-4Cr 1635 165-175 | 155-165 8-15 105-110
Beta-CEZ | Ti-5Al-2Sn-2Cr-4Mo-4Zr-1Fe| 1635 177-197 | 165-172 5-10 123-132
Ti-10-2-3 Ti-10V-2Fe-3Al 1470 160-188 | 145-160 4-6 120-127
Beta2lS Ti-15M0-2.7Nb-3Al-0.2Si 1490 180-202 | 169-192 7.5-10 -
Beta C Ti-3Al-8V-6Cr-4Mo-4Zr 1345 125-180 | 120-170 6-10 87-90

Table 1.1. Composition, transformation temperature, roompterature tensile and room

temperature fatigue properties of commercial titemalloys'>®?



used in applications where factors such as comossistance and weldability are more
important than high strength. Typical applicationslude chemical and petrochemical
processing equipmétt such as heat exchangers and other piping appiicgfi, and
pressure vessels for space ¢faft

The o+p alloys contain one or more phase stabilizers and one or mdre
stabilizers. In generaly+p alloys have the most desirable balance of praggertiigher
strength and comparable ductility doalloys; and lower strength and significantly bette
ductility than alloys. Strengthening is accomplished in theseyalby controlling the
composition, microstructural feature size and molpdy, and texture of the phase.
Strengthening of the. phase through composition control is the same itts avalloys
such that the planar slip in thephase is caused through the limited additions|6f %
(above ~5 wt.%) or & and solid solution strengthening of thephase by addition of
Al, Sn and Z°* Thermo-mechanical processing and heat treatrsehition and age)
of the alloys are used to control the microstruadtéeature size and shape, and texture.
Strengthening mechanisms of these alloys also beilidiscussed in more depth in the
strengthening mechanisms section. In summary, tladlegs are generally used in
applications where a good balance of propertieedsired. Typical applications include

P24 sporting equipmelt®® and

aerospacd®’, power generatidf?’, biomedicd
automobile&?.

The 3 alloys are sufficiently rich if§ stabilizers such that tifephase is retained
upon cooling to room temperature. In genepahlloys are higher in strength and less

ductile thano and o+f alloys. Strengthening is accomplished in theseyallby

7



controlling the complex interaction of compositiaand heat treatment response.
Strengthening through composition control is accdwhpd through solid solution
strengthening of th@ phase by Fe, Cr, and®®/°. Thermo-mechanical processing and
heat treatment of the alloys are used to contrel mhicrostructural unit size and
morphology including the precipitation afplatelets in thgy phase upon heat treatment.
The strengthening mechanisms are similar betveeghandp alloys except length scale
is different between alloys due to the limited amioof oo phase that is formed. This is
the extent of the discussion of the strengthenieghranisms of these alloys as the focus
of this paper is o anda+f alloys and strengthening of these alloys is prilpaue to
the a phase (as the primary phase in these alloys istthease). In summary alloys
are generally used in applications where high gtienare desired and good ductility is
not as much of a concern. Typical applications foalloys with higher strength and

lower modulus include aerosp&éé®, biomedicdf*>®, and automobilé¥ !

1.2.3 Deformation Modes

Deformation of titanium alloys occurs by convenabdislocation motion in both
the a andp phases. Although possible, twinning is not comma@sen in most titanium
alloys as it is suppressed as the solute contarticplarly o stabilizers, is increased and
the phase dimensions are reduced. In commercially (CP) titanium alloys and some
solute lean titanium alloys, twinning occurs in conjunctiontiwiconventional slip and

is responsible for the ductile behavior of theseyal particularly at low temperatures.



1.2.3.1 Commonly Observed Slip Modes

The slip systems and corresponding Burgers vegpw tora titanium is shown
in the HCP unit cell in Figure 1.2. The combinatiwfn1120> type slip direction (a type
Burgers vector) on {0002}, {1010} and {1011} plangstal 12 slip system&>4°
however, only eight of these slip systems are ieddpnt. The number of slip systems
can be further reduced to four independent slipesys because the changes of shape that
can be produced by combining slip systems on tB©2p and {1010} planes are exactly
the same as those of the slip systems on the {1@ld}e. Thus, for the Von Mises
criterion of at least 5 independent slip systemshfamogeneous plastic deformation of
polycrystals to be satisfied, the operation of a Botype slip system (either cor ¢ + a
type) must be activated. Extension or contractiothe direction of the c-axis requires
the movement of ¢ + a type dislocations to occugatisfy the Von Mises criterion. Paton
et al™ and Jones and Hutchindhhave observed the presence of such dislocations
with a <1123> slip vector typically on the {1122l plane in a number of titanium
alloys.

The slip systems active in tlffiephase were observed to be in agreement with the
generally observed slip systems in BCC metals.rPainal William&* examined a binary
Ti-V alloy and observed <111> type slip directioms {110}, {112}, and {123} type
planes.

The critical resolved shear stresses (CRSS) forslipesystems in the: phase
were obtained using Ti-6.6Al single crystdfls Paton et al. determined that the
<1120>{1010} had the lowest CRSS followed by thd20>{1011} and <1120>{0002}

slip systems. The CRSS for ¢ + a slip system wasuah as 50% higher than any of the
9
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Figure 1.2. Slip modes in hexagonaltitanium. (cf. ref. 8)
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3 slip systems. Therefore, it is less common fertiphase to deform extensively By ¢ +
a slip as compared o a slip. The CRSS values olgserved to be strongly dependent on
alloy content and on test temperature. Jones atchitisot* observed a much smaller

difference in CRSS between a ahdt + a type slgmin+p alloy than Paton et & did

in their o alloy. The small difference in CRSS between thedth type slip systems was

observed by Paton et al. to become even smalleglaér temperatures.

1.2.3.2 Deformation Twinning

Deformation twinning occurs in titanium alloys whthe stress axis (tension or
compression) is parallel to the c-axis and thelvesibshear stress is not large enough to
activate™c + a type slip. Therefore, specific tviffgnmodes are activated to plastically
deform the material and cause extension or comractf the material along the stress
axis. The main twinning modes/planes that have baeserved in CP titanium are
{1012}, {1121}, and {1122} All twinning modes have shear directions that idela
c-axis component. These three twinning modes gpecasly important to the alloys
ductility and ability to plastically deform at lotemperatures, but they have also been
observed to occur in pure titanium at higher terapees typically in response to
compression loading® As mention previously, the occurrence of twinniaguppressed
as the solute (Al and O especially) concentrat®omcreased. Therefore, the occurrence
of twinning is only a major consideration as a defation mechanism in CP titanium

with low oxygen concentratior¥’
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1.2.4 Strengthening Mechanisms

The methods for strengthening titanium alloysdependent on the class of alloy
as previously mentioned. However, the fundamen&thanism behind strengthening all
metals and alloys including titanium alloys is te@me: impede dislocation motion.
Therefore, the sub-ideal c/a ratio of the HG&Fphase (1.587 vs. 1.633) significantly
influences deformation of the. phase in titanium. This point has been studied
extensively and is well understoB@343495253565% his review is restricted ta and
otp alloys, thus strengthening of the phase will be the focus of this section.
Strengthening mechanisms associated with the presefithefy phase will be discussed
in reference taw/p interfaces or grain boundaries. In titanium alldyarriers to plastic
deformation form based on the alloy’s compositithermo-mechanical processing, and
heat treatments (solution and age). The operatieagthening mechanisms are the result
of the formation of these barriers and include ds@olution, boundary or interface,
precipitation, and texture. A summary of titaniutresgthening mechanisms is shown in

Table 1.2.

1.2.4.1 Solid Solution Strengthening
The o phase is commonly strengthened by the additicheinterstitial element,
O, and substitutional elements Al, Sn and Zr. Eaththese elements has a large

solubility in thea phase, which allows each to contribute to solidtgmn strengthening
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Strengthening Mechanism  |Dependence Examples/Limitations

Substitutional Solid Solution | Strain localization >5% Al eq.

Interstitial Solid Solution ¢’ Strain localization >2500 ppm oxygen
Grain Size " Fine grains limit twinning

Precipitation 2 {2 Occurs >5.5% Al eq.

Texture c-axis orientation [Max. strength when loaded along c-axis

Table 1.2. Strengthening mechanisms of titanium all&ys.
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of thea phase. It also is generally accepted that Sn arateZless effective as compared
to O and Al. It is generally accepted that intéiatiand substitutional elements have an
additive effect on strengthening phase titanium. From an atomistic standpoint, the
addition of O has been shown to have a strongectethan Al (~10 times per atom
%)% In o+B alloys, small concentrations pfstabilizing elements including Mo, V, and
Cr are present in the phase because of limited solubility. The extenttoch these
elements strengthen the phase is not well understood, but is thought tosbell
compared to Al and &

The addition of O as an interstitial solid solutistrengthener significantly
increases the strength of the material. The rol® @fs a barrier to plastic deformation
was studied by Williams et 8f!. At high concentrations of O (52 wt.%) in an alloy,
they observed a transition in slip modes from wavplanar slip. This transition in slip
mode was attributed to the significant reductiorthef resolved shear stress in the active
slip planes as a form of strain localization, antlto a reduction of stacking fault energy
and subsequent cross-slip as is typically obsenveddce center cubic (FCC) materials.
Based on these observations, strengthening fromadld&ion of O is accompanied by
strain localization but the exact mechanism(s)renteclear. There is no doubt that there
will be some order of elastic interaction betwelea interstitial oxygen and dislocations,
but this would not be expected to cause a tramsitiothe slip mode. Welsch et [&.
proposed that this transition is connected to stwna of short-range ordering of O in
the o lattice. Evidence of such ordering from x-ray difftion observations has been

reported by Weissmann and Shffér Therefore, the current accepted mechanism for
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strengthening by the addition of O is thought tdreen short-range ordering of the O in
thea lattice.

The addition of Al also significantly increaseg strength ofx ando+ alloys in
a similar manner as O. Paton et'dland Blackburn and Willialf€! studied the role of
Al as a strengthening addition and both groups mvesethe same transition of slip mode
from wavy to planar. The addition of Al to thephase ana+ alloys reduces the ‘a’
and ‘c’ lattice parameters of the HCP crystal ia ¢hphasé*! The reduction in lattice
parameters is consistent with a negative misfit thases elastic interactions with the Al
atoms and mobile dislocations. However, as withtl@s interaction would not be
expected to cause a transition in the slip modeeHEmental evidence has been reported
that shows that an additional mechanism for stteerghg by Al additions is the short
range ordering of the Al in the lattice which causes a transition from wavy tonpia
slip as with O addition&%4"*®paton et dt” have shown that in dilute Ti-Al alloys (~5 -
9 wt.% Al) a transition in slip was caused from gtrange ordering in the. phase. In
higher concentration Ti-Al alloys (approximatelyegter than 6 wt.% Al), the planar slip
is more intense due to the presence of small, eoheordered BAIl particles ¢
precipitates) that are sheared during deformatieif It should be restated that as was
true in the case for O, these transitions in slipdas are attributed to the significant
reduction of the resolved shear stress in the ediyp planes, and not to a reduction of
stacking fault energy and subsequent cross-slipisasypically observed in FCC

materiald*’!
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1.2.4.2 Boundary Strengthening

A variety of boundaries in titanium alloys act barriers to the motion of
dislocations, which strengthens the alloy. Theativeness of these boundaries to act as
barriers to dislocation motion and their spacing aamajor effect on the strength of the
alloy. Fora and o+ alloys, there are two common forms of boundaryngfiteening:
grain boundaries, and interphase boundaries. Theeirce of the first one is important
for both o and a+p alloys, but the second mainly pertainsa®f alloys due to the
ability to create a duplex microstructure by theathdreatment. These duplex
microstructures consist of som#o. and a high density af/p interfaces that contribute
to strengthening in a similar manner to grain bauies.

Hall®® and Petch" proposed that the yield strength of most metas fisnction
of grain size:

Gy = 0o + ky/Nd [1.2]
where oy is the yield strengthg, is the “friction stress” representing the overall
resistance of the crystal lattice to dislocatiortion kK, is the “locking parameter” which
is a measure of the relative hardening contributbthe grain boundaries, and d is the
grain diameter. Terlind® later confirmed this grain size dependence forgian size
of Ti-Al alloys. The grain size sets the slip ledmgtfor dislocations in single phase
material. Therefore, as the grain size is decredbedslip length will be decreased which
subsequently reduces the dislocation pile-up lenfgth that grain. Terlinde and
Leutjerind® have shown that the local stress required tcateita crack in Ti-Al alloys is

constant, thus anything that can be done to redoca stresses also increases the
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resistance to crack initiation of the material. the grain size is decreased, the pile-up
length is decreased and the local stresses asbeigth these pile-ups will be reduced
(Figure 1.3). This is the generally accepted gs&e effect on fatigue crack initiation for
titanium alloys.

In many cases, the literature fetp alloys refers to the prigs grain size when
referencing grain size. This is misleading, asgher B grain size is typically not the
relevant length scale for deformation of the mateifhe operative length scale changes
as a result of the processing of the alloy. It $thdne noted that “grain sizes” for titanium
alloys are typically not those observed in an @btmr SEM micrograph showing the
microstructure. The grain size is dependent onctlystal structure of each phase, as
crystal structures of thet and B phases transform to different variants, sizes and
morphologies based on the nucleation and growtthefo phase upon cooling from
above thep transus. Above th@ transus, thgd phase is stable and significghgrain
growth occurs. Upon slow cooling through fhéransus, grain boundary forms anda
laths will grow from the grain boundaries until yhenpinge on anothee lath or the
original B grain boundary. In most cases, théaths growing from each grain face will
grow as a single variant of the Burgers orientatelationship from the prigs grain but,
with increased cooling rate, several variants aoolne active in a singfegrain. All the
a laths of the same variant have the same crystalbbgc orientation and are described
as a ‘colony’ consisting of alternating andp laths. The new “grain size”, more aptly
called the slip length, of these alloys is then enakin to the colony size than tBeyrain

size. Further reduction of the size of coloniesdsomplished by thermo-mechanical
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Figure 1.3. Schematic of how grain size sets the slip lenfyihdislocations in the
material. L is the grain size, N is the number isfatations e is the elastic shear

stress due to the dislocation pile-up ahdb the localized or concentrated shear
stress at the grain boundaty.
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processing below the transformation temperatureéctwbreaks up the coarse colony
structure and leads to the formation of equiaxegrains and3 due to recrystallization.
Upon cooling to room temperature, the new structtwasists of primaryo grains
(globulara grains) and priof grains consisting of refined/3 colonies. In this case the
primary a grains and the refined colonies are the two mtanotural length scales or
sizes that need to be considered. The equiaxedsgaae formed from individual plates
within a colony. This creates the possibility forrhation of alignedx grains. Therefore,
special attention needs to be taken to determi@eaetkture prior to indicating the actual
grain size of the alloy. Further discussion of tegtand texture effects will be presented
in later sections.

As shown in the Hall-Petch relationship previouslyengthening of a material is
not only dependent on the grain size but also thibtyaof the boundaries to act as
barriers to dislocation motion(kerm in equation 2). la+f alloys, these boundaries are
grain and interphase boundaries. The strength lmfusmdary as a barrier to dislocation
motion is dependent on the ease at which the d@distots can transfer across the grains or
interphase region. Hif! and Hirth and Ballufff® proposed that the transfer of slip
across a grain boundary requires some adjustmeaityeo the Burgers vector of the slip
directions is conserved between the two struct(mregardless ifo/a or o/p interface).
They also suggest that such dislocations can detsomto components; some of which
stay in the grain boundary and others of whichegbdt into adjacent grains to sustain the
plastic deformation. Although this seems reasondlitie evidence has been presented

that confirms this theory. On the other hand, sEv&udies have examined the effect of
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crystallographic alignment of slip systems acragsrphase regiod® > Lin et al®®
studied the deformation of antf3 alloy (Ti-6211) that consisted of colonieswfandf
laths. They observed a type slip on {1010} planeshiea laths that easily transversed
the B laths. Large dislocation pile-ups were observely @t colony interfaces (grain
boundary). Therefore, they concluded th4i interfaces provided little resistance to slip
transmission. Several other groups have obsenedrtall misorientation of the Burgers
orientation relationship (misorientation angle betw HCP and BCC slip directions)
reduces the ease of slip transmission fromdahe B phase>°¥ It is clear from the
published literature that grain boundaries andrpitase regions can be barriers to slip
transmission but to what extent and the associateghanisms are still not well

understood.

1.2.4.3 Precipitation Hardening

Precipitation or age hardening occurs as a refuthe formation of a second
phase that acts as a barrier to motion of dislonati These second phases are
precipitated out of a supersaturated solid solutiornng aging after solution heat-treating
of the alloy. Ina anda+ alloys, the most common precipitates are the otdesghase
(mentioned in solid solution strengthening sectioif)sSis silicides, and various
intermetallic compound systems such as Ti-Cu. ladhitterature on strengthening due to
silicides and intermetallic compounds have beenlighdd and are not of significant
interest for commercial alloys. The orderegdphase, however, is of great interest as it

has been extensively studied in several commescialda+f alloys.
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As mentioned in the solid solution hardening secthigh Al concentration Ti-Al
alloys (approximately greater than 5 wt.% Al) haeen studied and planar slip was
observed due to the presence of small, cohererdered TiAl particles ¢
precipitates}*’*®! When the Al is in excess of 9 wt.%, the alloy H@en shown to
become brittle possibly due to the further lossleformation modes from the formation
of this ordered phase. The particles are an ordered hexagonal;PSructure (MgCd
prototype structure). Strengthening of thephase froma, with no other alloying
additions is a consequence of the particles hawarme sheared (sinee is coherent with
o phase) by moving dislocations. This results in afaslip and extensive pile-ups at
boundaries. Leutjering and Weissméfrshowed that addition of Si and Zr changes the
particle-matrix misfit, which leads to dislocatiofypassing theo, particles. These
additions lowered the strength of the alloy andvghed substantial improvements in
ductility. Williams and Blackbuf”? have reported that additions of Sn and Ga
appreciably increase the strengthening contributicthe o, particles, but the mechanism

is not fully understood.

1.2.4.4 Texture

The anisotropic behavior of the H@Pphase plays a significant role in the plastic
deformation of titanium alloys. This is never m@wdent then in strengthening due to
the presence of texture (preferred crystal orieanta) in o and a+f alloys. The
strengthening of these alloys is based on the deftton modes of titanium and their

relative resolved shear stress (RSS) values. Ratait™® tested single crystals of Ti-6Al
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oriented with the [0001] direction parallel and mai to the stress axis. They observed
that the alloy tested with the [0001] parallel he sstress axis deformed By ¢ + a slip and
had a larger yield stress as compared to the tsysteented with the [0001] normal to
the stress axis that deformed™by a slip. This diffee in yield stress was attributed to the
RSS and the variation in critical resolved sheaesst (CRSS) for the operative slip
systems including correction for the Schmid fd€tbr These observations were in
agreement of those by Williams et'dl. Therefore, ina. and a+p alloys with large
regions of similarly orientedx phase (heavily textured), the yield strength ighhi
anisotropic. As mentioned in the boundary strengtigesection, the crystal orientations
of the o phase are strongly influenced by the processiatpiyi of the alloy. The right
combination of temperature and severe plastic dedtion are necessary during thermo-
mechanical processing to break up the large odegiains and produce a refined,
random textured alloy that has more isotropic pricge In addition to reducing the grain
size, severe deformation typically creates largesorientation angles between adjacent
phases/grains producing further strengthening (asntioned in the boundary
strengthening section). The importance of textoreah alloy will be dependent on the

property requirements for desired application.

1.3 Titanium-Boron Alloys
1.3.1 Physical Metallurgy of Titanium-Boron Alloys

The addition of boron to various titanium alloysshaeen shown to precipitate a
boron containing phase (TiBin-situ resulting in a microstructure consisting of thigiah

alloy as the matrix and the TjBs dispersoids:*% The influence of the addition of
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boron to various grades of commercially pure (GRnhium and to Ti-6Al-4V has been
most extensively studied and documented. Theretbeefollowing discussion is based
primarily on the results of CP titanium and Ti-6A.

The two most relevant TiBstochiometries are the metastable ;Ti#hd the
thermodynamically stable TiB. TiB is one of the ma®mmonly studied boron
containing titanium phases due to its thermodynastability and cleanliness of the
interface formed between matrix and boride (no sitdble phases or elemerffg)®&
The formation of TiBin-situ is primarily due to the low solubility (<0.05 wt%} boron
in both allotropic forms of titanium as shown inethitanium-boron phase diagram
(Figure 1.4). Titanium and boron precipitate outtw# liquid solution upon cooling and
form a TiB phase. Upon further cooling, the titanialloy matrix phase(s), as predicted
from the titanium alloy matrix phase diagram, igried around the TiB phases. Banerjee
et al™® have suggested the following hypereutectic equilib solidification path for Ti-
2wt.%B:

Hypereutectic: Liquid— Liquid + Primary TiB— Primary TiB + Eutectic TiB

+ Eutecticp — Primary TiB + Eutectic TiB [1.3]
Although this seems reasonable based on typicahlneettectic solidification, further
study is warranted to elucidate the details. A imihypoeutectic equilibrium
solidification path can be proposed for a Ti-<1.80B alloy:

Hypoeutectic: Liquid— Liquid + Primary — Eutectic TiB

+ — Eutectic TiB +a [1.4]
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Figure 1.4. Binary Ti-B phase diagram. (cf. ref. 4)
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TiB particles are generally equiaxed or needle-plrticles, ranging from a few to 100’s
of um in size. The morphology has been shown to be rikpeg on the boron
concentration relative to the eutectic (~1.6 wt%ropo as shown in Figure
1.4) 6183897172744 horon composition that is: (1) hypereutedtie, TiB particles have
been shown to form as equiaxed (primary TiB) anedielike particles (eutectic TiB) as
shown in Figure 1.5; and if (2) hypoeutectic, thB particles are needle-like as shown in
Figure 1.6°%%®The TiB particles are chemically stable within thatrix and can be
observed at grain/phase boundaries or within gigiases of the titanium alloy matrix.
The presence of the TiB particles at the grain/phasundaries as the matrix is formed
assists in refining the matrix microstructure. Thi® particles are thought to pin the
grain/phase boundaries during processing thus faymirefined matrix microstructure as
compared to those observed in the conventionahitita alloy!!*61636971.7274The
resulting titanium matrix microstructure is similar that observed in the conventional
titanium alloy except with a finer microstructusaale.

The TiB patrticles precipitate from the solid s@uatwith an orthorhombic (B27)
structure (Figure 1.75*7% Titanium-boron alloys have been observed to haspeaific
orientation relationship between theandp phases of+3 andp-titanium alloy matrices

and the TiB®2365%For titanium-boron alloys with a Ti-6Al-4V matritwo orientation

relationships between thephase and TiB have been obser¥ddAn arc
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Figure 1.5. Micrographs of arc-melted Ti-2wt%B at (a) low médgmation, and (b) and
(c) higher magnifications showing the blocky primaiB precipitates and needle-
like eutectic TiB precipitate&®
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Figure 1.6. Micrographs of powder blended Ti-6Al-4V-1.4wt%B (dlPed at 183F
(1000°C), 103 MPa, 3 hours and heat treated at 7 @B3CC) for 1 hour furnace
cooled; and (b) direct extruded and heat treatdd@6F (98C°C) for 1 hour furnace
cooled. Micrographs show needle-like eutectic TiBqgipitated®®
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(b)

(c)

Figure 1.7. Schematic illustration of (a) TiB orthorhombic Baidit cell; (b) basic
trigonal prismatic arrangement of titanium aton@uad each B atom; (c) arrangement of

basic trigonal prisms to form TiB structure. (&f.r67)
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melted Ti-6Al-4V-XB exhibited an orientation relatiship as follows:

{010} 1ig|{1120} ¢.-i

{001} +ig|[{0001} i

{100} ig| {1010}, [1.5]
A LENS" deposited Ti-6Al-4V-XB exhibited an orientatioagonship as follows:

{010} 1ig {1120} o

{001} +ig|[{12101} .7

{100} 1ig|{1102} .7 [1.6]
The orientation relationship between tBephase and TiB was observed for blended
elemental powder metal Ti-4.3Fe-7.0Mo-1.4Al-1.4\falows 1626570

(010)ris||(001 )

<001>r;[<1103.7 [1.7]

1.3.2 Processing & Microstructures of Titanium-Boron Alloys

Several boron addition methods have been stud®dolttain desirable
microstructures and mechanical properties. Typioathods have focused on using
conventional powder metallurgy (PM) methods (gasméation and powder blending),
melting methods, and rapid solidification proces$BSP) to incorporate boron in
titanium alloys. For most methods, secondary pings(HIP, CIP, working operations)
is required to obtain material with a desirable nmstructure and properties, as

summarized in the following sections.
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1.3.2.1 Gas Atomization

Limited studies have been completed using dingettigas atomization to create
titanium-boron alloy$’" Yolton and Mol examined a prealloyed Ti-6Al-4V-XB
alloy produced by cold wall induction melting of ster alloys and titanium diboride
followed by argon gas atomization. The alloys rahfyem 0.9 — 2.2 wt.% boron with a
mean powder size of ~140n and packing density of ~68%. The powder was Hised
and direct extruded to study the effects of secongeocessing on the microstructure.
The powder was HIPed for 3 hours at 18321000C) and a pressure of 15 ksi (103
MPa); followed by a heat treatment at 179@8CC) for 1 hour, furnace cooled at £81
(55°C) per hour to 140F (760°C) and then air-cooled. The extrusion was complated
2003F (1095C) using a reduction ratio of 9:1 with the samessgjuent heat treatment
as the HIPed material. The powder, as atomizedsistaa of fine TiB particles dispersed
uniformly in a Ti-6Al-4V matrix. At higher boron \els, the powder contained a higher
density of TiB particles some of which were neestiaped. A small number of relatively
coarse (~2um) needle shaped particles were observed for thev2% boron alloy. The
HIP and heat treatment cycles produced similar estcuctures with randomly oriented
acicular TiB particles. Extrusion and heat treattredrthe consolidated powder produced
a microstructure with a mixture of relatively fifg - 2 um) and coarser (~2pm) TiB
particles with high aspect ratios (~15:1). The mustiable change in the microstructure
after extrusion was that the TiB particles wergradid in the extrusion direction which is
consistent to other published work produced usithgropowder metallurgy methd@%
Microstructures of as-compacted and extruded nadsemade from gas atomized powder

are shown in Figures 1.8 and 1.9, respectively.
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1.3.2.2 Powder Blending

Powder blending methods have been the most popiithe processes to produce
titanium-boron alloys as is evident by the largeoant of published literature. Some of
the most desirable combinations of microstructyra(sl properties have been produced
at a reasonable cost using blending methods. Ther rddference in powder blending
methods is the starting titanium and boron powHach of the methods produce powders
of varying size, morphology and purity, which suipsently influences the density, size,
morphology, distribution and composition of theuléag alloy’s microstructure.

Several methods have been used to produce thiegiaowder including,
hydrogenation/dehydrogenation ~ (HBHf>®® " sponge find§”, direct gas
atomizatiof*"¥, and rotating electrode process (REP) or plasntating electrode
process (PREP) ™ Saito et al’” studied a Ti-4.3Fe-6.8Mo-1.4Al-1.4V-XB alloy
produced from sponge fines that were subsequelahdbd with elemental powder, cold
isostatic pressed (CIPed), and sintered. The poweids were ClPed at 56.8 ksi (392
MPa) and sintered at 23°R2(1300C) for 100 hours in a vacuum of 1.5x1@si (10°
Pa). The microstructure consisted of primary TiRl autectic TiB particles in a+f
titanium matrix, mostly the latter. The primary Tjirticles were several microns in size
and exhibited an equiaxed morphology. The eutetii®: particles were also several
microns in size and exhibited a needle-like morpbp! In comparison, Saito et
al 628588 5150 studied a Ti-4.3Fe-6.8Mo-1.4Al-1.4V-XB allpyoduced using the HDH

process, blended with alloying elements and sulesedDIPing and sintering at the same
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Figure 1.8. Micrographs of Ti-6Al-4V-1.6wt%B produced usingsgatomized, pre-
alloyed powder: (a) powder cross-section; (b) biitel compactet”
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Figure 1.9. Micrographs of Ti-6Al-4V-1.6wt%B produced usingsgatomized, pre-
alloyed powder: (a) extruded - longitudinal; (bjrexied — transverse. Extrusion axis
is parallel to horizontal axis of micrograph.
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conditions as the sponge fine produced alloy. Tieg@prt similar microstructural results
but noted that mechanical properties of the allogden from sponge fines may be
adversely affected by the impurity (namely O) ofe tistarting sponge fines.
Microstructures of as-compacted and extruded blredemental powder are shown in
Figures 1.10 and 1.11, respectively.

In comparison to using sponge fines and HDH powdas atomized powder
particles and powder particles produced by REPRIERP are larger in size 150 um),
which raises problems in obtaining a uniform disition of TiB particles. Godfrey et
all" and Goodwin et dl® have shown that mechanical milling of the blengdediders
reduces the size of the powders which obtains foumidistribution of the TiB particles
throughout the alloy. This reduction in powder sst®uld also further refine the TiB

particle and matrix alloy size, but neither grogmsidered this in their studies.

1.3.2.3 Melting
The melting methods that have been used inclutimettind®, casting®®, and

self-sustained high temperature synthesis (8#8) All of these processes can use
powder material produced using the previously noerti methods or conventional
processed material. Although melting methods haenishown to be more cost effective
than PM, these methods often have produced und&simaicrostructures and associated
properties for commercial applications. Banerje@lét examined a Ti-2wt.%B alloy
melted and cast in a vacuum arc-melter. The miarotre consisted of large primary

and smaller eutectic TiB patrticles iroditanium matrix. The primary TiB particles were

~20 - 100um in size and exhibited a faceted, equiaxed mog@ylThe eutectic TiB
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Figure 1.10. Micrographs of as-sintered self-sustained highpenmature synthesis (SHS)
melted Ti-6.8Mo-4.2Fe-1.4Al-1.4V with (a) 20 vol.%B; and (b) matrix alloy only (no
TiB present)®®
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Figure 1.11. Micrographs of as-forged self-sustained high terajpee synthesis (SHS)
melted Ti-6.8Mo-4.2Fe-1.4Al-1.4V with 20 vol.% Tila) longitudinal cross-
section, and (b) transverse cross-sedtfon.
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particles were smaller and exhibited an acicularpmology with diameters of ~m
and lengths of ~10 - 20m. Similar results were reported by Philliber e¥ 4 for ap-
titanium alloy, Ti-17Mo, that was arc-melted andcihreated at 183E (1000C) for 12
hours and water quenched to homogenize the alloysshminate the micro-segregation
that occurred during solidification. Size, disttiom and ratio of the primary and eutectic
TiB particles were approximately the same as theperted by Banerjee et &f! while
the matrix wag titanium stabilized with Mo. Tsang et® used SHS to melt titanium-
boron alloys ranging from 5 — 15 wt.% B and obsdrgemnilar results as Banerjee et
al®® and Philliber et d/*# The microstructure consisted of primary and digetiB
particles in any titanium matrix. The primary TiB particles exhiit a faceted, equiaxed
morphology and were smaller than the primary TiBesked by Banerjee et al. and
Philliber et al. The eutectic TiB particles exhdaltan acicular morphology and were also
smaller than the eutectic TiB observed by Banegeal. and Philliber et al. (Figure

1.12).

1.3.2.4 Rapid Solidification

Some of the more recent methods for creating titariboron alloys include rapid
solidification processing (RSI}.63646667.7584The mjcrostructures and properties
observed from material produced by RSP are equivale better to those of powder
blending. RSP has been used to melt spin ribboddlakes of titanium-boron alloys by
Fan et al®® and Sastry et &¥. Fan et al®*®” studied the influence of pre-

consolidation heat treatment at 572 - 1%500 - 906C) for 4 hours and water
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Figure 1.12. Micrographs of cast Ti-15Mo-10B after heat treatiret 1832F (1000C)
for 12 hours and 1128 (600C) for 24 hourd®
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guenched and secondary processing on melt spuongbf Ti-6AI-4V-0.5 wt.%B. The
ribbons were HIPed at 1692 (90FC) and 22 - 44 ksi (150 - 300 MPa) for 2 hours and
furnace cooled; and extruded at 1852t a 40% reduction. Ribbons without a pre-
consolidation heat treatment consisted of a tweezaicrostructure: columnar grain zone
at the wheel side and equiaxed dendrite zone dtdheside. They also observed a region
consisting of a eutectic structure pfind TiB between the columnar and dendrite zones.
Although no explanation is given, it appears thatept for the eutectic region the boron
is in solid solution in thex+p matrix since no TiB particles can be observed ftbgir
LM and SEM micrographs. Secondary processing of rilbons without a pre-
consolidation heat treatment eliminated the muheregion structure. The
microstructure consisted of eutectic TiB with ath@gspect ratio needle-like morphology
in ano+B matrix. Ribbons with a pre-consolidation heat timent below 129%F (700C)
consisted of primary TiB particles in ant matrix, while ribbons heat-treated above
1292F consisted of a large number of primary TiB péetcand a small fraction of
eutectic TiB particles. In both cases, the prim&iy particles were ~100 nm in size and
exhibited an equiaxed morphology while the euteGiiB particles were smaller and
exhibited a needle-like morphology. Secondary psicgy of the ribbons with a pre-
consolidation heat treatment produced a microsiraatonsisting mainly of primary TiB
with an equiaxed morphology and limited eutectiB With a needle-like morphology in
ano+B matrix.

The results from the Fan et/t®” and the Sastry et &’ studies show promise

for commercial applications, but scale-up of thpszcesses to the necessary production
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guantities has been unsuccessful to date. TheR®BR process that currently has shown
potential for scale-up is also the most recent R®® has been developed, the LENS
(Laser Engineered Net Shaping) process. The LEptBcess entails a metal base plate
being moved accordingly under a stationary laseidha melting and re-solidifying
blended elemental powder that is fed continuouslytlie laser beaffi"®*®! The
advantage of the LENSprocess is it forms the material into a near haps unlike the
other processes, which require secondary processapg. As with other RSP methods,
the LENS" process produces material with a desirable miarostre, but property
evaluation is still being completed. Banerjee &t'&F° examined Ti-2wt.%B and Ti-
BAI-4V-2wt.%B produced using the LENSprocess. For the Ti-2wt.%B alloy, the
microstructure consisted of primary and eutect® particles in ax titanium matrix. The
primary TiB particles were ~0.6m in size and exhibited an equiaxed morphology. The
eutectic TiB particles exhibited an acicular morplgy with an average length of ~2.5
um and aspect ratio of ~7:1. Detailed TEM analy$ishe o. phase revealed nanoscale
TiB particles that were not resolvable using opt@aSEM. For the Ti-6Al-4V-2wt.%B
alloy (as shown in Figure 1.13), the microstructaomsisted of limited primary and
mostly eutectic TiB particles in at+3 matrix. The primary TiB particles were ~Iufn

in size and exhibited an equiaxed morphology. Theatic TiB particles exhibited an
acicular morphology with an average length of B pm and aspect ratio of ~5:1. The
thermodynamic stability of this alloy was also exaed by heat-treating the alloy at (1)
1292F (700C) for 100 hours; and (2) 20%2 (1100C) for 10 hours. No significant
amount of coarsening of the TiB particles was ole@for both heat treatments

40



Figure 1.13. Micrographs of LENS processed Ti-6Al-4V with TiB: (a) as-deposited) (b
heat treated at 1282 (700C) for 100 hours; (c) heat treated at 2‘M€11oc9c:) for
10 hours; (d) and (e) as deposited at higher miagtitins'®*
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indicating the microstructure is stable at eleva&dperatures.

1.3.3 Mechanical Properties of Titanium-Boron Alloys

As a general rule, the titanium-boron alloy mit¢rostures obtained through the
addition of boron exhibit increased RT and high perature strength® 6265870
72,7476,77,79-828485] higher stiffness (elastic modult€)™ 27484 improved fatigue
strengtff2268.7088 creen resistanfd®®! hardnedé®), and wear resistarl¢é®®!
However, the boron addition has also had either gffect or a decrease in
ductility!2626568.70-72.7482843q fracture toughndsé” as compared to the same basic
titanium alloy without boron additions. The focu$ this research is to examine
strengthening of titanium alloys due to the additad boron. Tensile and fatigue testing
of the titanium-boron alloys are the main inter&terefore, the published results of
tensile and fatigue testing of titanium-boron aflavill be summarized in this discussion.

Several authors have demonstrated that tensile fainglie properties of the
titanium-boron alloys are influenced not only bg fercent addition of boron but also by
the form (particles or whiskers), distribution, andentation of the TiB particls.
4/60,63,66,68-70,72,73,75,77-80.82.83 8% o refined microstructure of the matrix phasedias been
shown to have an influence on mechanical propeofi¢lse titanium-boron alloys. Since
the refined microstructure is due in part to thespnce of the TiB during transformation
of the matrix, the influence of each microstructdemture on mechanical properties is
not well understood. The combined influence of p&ticles and fine grain matrix on
strengthening mechanisms for various titanium-boralloy processing methods

constitutes the majority of published literat&%26>68:70-72.76.77,79-82,84,85,86]
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1.3.3.1 Tensile Properties

The bulk of work related to mechanical propertésitanium-boron alloys deals
with influence of boron additions on the tensilegerties of titanium alloys. Figures 1.14
- 1.16 show the influence of TiB on 0.2% vyield sggth, ultimate tensile strength, and
ductility, respectively. Since several studies hlagen completed using different titanium
alloys, most commonly CP titanium and Ti-6Al-4Vffdrentiating the influence of boron
on the strengths of the titanium alloys is difficdTherefore, the strength of the titanium
alloys without the boron additions was subtractesinf the TiB containing alloys to
obtain the increase in strength due to the addiwibboron by a variety of processing
methods. This increase in strength for the 0.2%\s&ess and ultimate tensile strength
are plotted in Figures 1.14 and 1.15. As cleartyghin the plots, the amount of strength
increase over the conventional titanium alloy iasexl as the volume percent of TiB was
increased.

Several factors that could be a part of the strergng include the matrix grain
size, oxygen concentration, and size, morphologgntation and distribution of the TiB
particles, but there is no clear understanding h&f influence of these factors on
strengthening titanium alloys. Godfrey et’dl studied a Ti-6Al-4V-XB alloy with levels
of O ranging from 0.185 — 0.205 wt.% and B rangmogn 0 — 2.0 wt.%(volume fraction
of TiB was not reported). They observed an incrdemm 148 — 163 ksi (1020 - 1125
MPa) in the 0.2% vyield strength increase and aedse in ductility from 1.3% to 0%,

respectively, for material with an oxygen level~df165 ppm as compared to 2050 ppm.
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Figure 1.14. Increase of 0.2% yield strength due to additiobabn to titanium alloys
via various processing methods. The strength ofitéu@ium alloys without the
boron additions was subtracted from the TiB allwysbtain the increase in strength
due to the addition of boron. (Figure modified fr@uodfrey et al’")
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Figure 1.15. Increase of ultimate tensile strength due to amdibf boron to titanium
alloys via various processing methods. The streafjthe titanium alloys without
the boron additions was subtracted from the TiByallto obtain the increase in
strength due to the addition of boron. (Figure rfiedifrom Godfrey et df.")
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Figure 1.16. Ductility of titanium-boron alloys due to additiaf boron to titanium
alloys via various processing methods. (Figure fiedifrom Godfrey et ")
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This increase in strength and loss of ductility eispected based on the previous
discussion of oxygen as a strengthener in titanitsang et dfY studied the influence of
boron additions on CP titanium and observed thatntiorphology of the TiB particles
plays a role in the tensile was increased, ductiiis reported to drastically decrease
(~12% decrease over 10 vol.% TiB) while the strengas observed to be unaffected.
Several research groups have shown that whenurteboron alloys are subjected to
secondary processing (forging, rolling or extra3jdhe TiB particles aligned along the
working direction®®”"1727 l\when the TiB particles are aligned, the titaniuonem
alloys were shown to have highly anisotropic prapsrwith the highest strength and
lowest ductilities obtained along the working diren. Several models have been
proposed to explain the tensile trends with TiBtipker size and distributioff:?"47°#4
These models are comprised of strengthening dlgatbsharing, grain size (Hall-Petch),

and Orowan (Gb/l) strengthening of varying degrédisof these models are purely data-

fit with no scientific basis explaining the obseaivelationships.

1.3.3.2 Fatigue Properties

In contrast to tensile properties, only a coupfegooups have studied the
influence of boron additions on the fatigue proigsrif titanium alloy&65:687086Iag
expected based on the tensile results, fatiguagttidife has been observed to increase
with the addition of boron to a titanium alloy.idtcommon in metals that the factors that
increase the yield strength also increase the bygie fatigue strength/life. Therefore,
based on the tensile properties of titanium-borboys, several factors could influence

the fatigue strength/life including the density r@sity), oxygen concentration, matrix
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grain size, and the size, morphology, orientatiod distribution of the TiB particles. As
with tensile properties, though, there presentlgasclear understanding of the influence
of these factors on fatigue strength/life of titaniboron alloys.

Saito et al®*®% " has studied the influence of boron additions oBAl-4V
and Ti-4.3Fe-6.8Mo0-1.4Al-1.4V. In each case, thégeyved an increase in the fatigue
strength at 10cycles. The Ti-6Al-4V-10vol.%B was reported to ba fatigue strength
of ~87 ksi (~600 MPa) while the Ti-6Al-4V processedthe same manner but without
boron had a fatigue strength of ~65 ksi (~450MPag Ti-4.3Fe-6.8Mo-1.4Al-1.4V-XB
alloy was reported to have a fatigue strength &2-#si (~1050 MPa) while no fatigue
strength was report for this alloy without borordiidns. When the failed test bars were
examined, it was determined that crack initiaticnwred at pores in the material and not
at TiB particles or in the matrix alloy. Fatigueacks propagated through the matrix and
were stopped at particles. After a period of timeppeared the cracks cut through or
fracture the particles and continued propagatirguiih the matrix. Srivatsan et &,
studied the influence of TiB particle orientation fatigue strength/life for a Ti-6Al-4V-
XB alloy. They observed the fatigue strength/libebie as good or better than Ti-6Al-4V
when tested parallel to the extrusion direction.eWkhe failed test bars were examined,
it was determined that failure occurred due toralmoation of particle pull-out, interface
cracking and rapid crack propagation through th&ima hey attributed failure to be due
to constraints in deformation induced in the mabithe particle coupled with local

intrinsic concentration effects at the matrix paetiinterfaces.
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1.4 Summary

The influence of boron additions on processing, rastucture, physical and
mechanical properties of various titanium alloys Hleeen investigated since 1950’s.
However, only during the past 25 years has bor@m laelded to titanium alloys to obtain
desirable microstructures and mechanical propeftieseveral niche applications. The
presence of the boron enhances the tensile argléastrengths as well as the wear
resistance of the alloy as compared to the conwealtititanium alloy. Although these
improvements in mechanical properties are attractivere are still a few major obstacles
in using these composites for commercial applicatiql) Microstructural evolution in
boron containing titanium alloys is not well undeml. Therefore, the relationship
between microstructure and mechanical propertiesthiese alloys needs further
investigation to optimize the mechanical properbédoron containing titanium alloys
for specific commercial applications. (2) Strengiing and deformation mechanisms of
titanium—boron containing alloys is not well undewxl. Therefore, the relationship
between microstructure and mechanical behavior ledsé alloys needs further
investigation to understand individual and combinsatles of plastic deformation of the
titanium alloy matrix and TiB particles. (3) Thest@f producing these alloys is too high
compared to the specific property benefit over touerent materials used for given
application(s). Advances in the understanding o&sehtransformations, mechanical
behavior and cost-effective production methods d¢adlimately lead to the widespread

commercial use of titanium-boron alloys.
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CHAPTER 2

CP-TI AND TI-B POWDER MATERIAL VIA ARMSTRONG PROCES

2.1 Introduction
2.1.1 Titanium Processing

All titanium alloys are produced from two naturaés: rutile (TiQ) and ilmenite
(FeTiGs). From these ores, titanium sponge is produceth@snput raw material for
titanium alloys. Historically, two major processéise KrolfY! and Hunté processes,
have been used to obtain titanium sponge from these Both of these processes use
similar operations for the extraction of titaniu@) chlorination of the ore to produce
TiCly;, (2) purification of TiC} by distillation; (3) sodium or magnesium reductioh
TiCl, to produce titanium sponge; (4) purification dftium sponge to remove by-
products of reduction process; and (5) crushintitafiium sponge for use in subsequent
melting to create titanium alloys. The Kroll prose@-igure 2.1) uses magnesium to
reduce TiCJ} while the Hunter process uses molten sodium aseithgcing agent. Since
the 1940s, very few processing plants have usedthwer process, as it is less cost
effective than using magnesium to reduce 783 in the Kroll process. Regardless of the

process used, producing titanium sponge is costty tane consuming. Although the
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Kroll process is widely used in industry and thenkéu process is used to a much lesser
extent, lower cost alternatives to these processimethods are currently being
investigated in an effort to reduce the overalltaafstitanium alloys. Cost analysis of
titanium raw material, regardless of the processiushows that over 50% of the cost is
derived from the production of Tiglfrom rutile and ilmenité Therefore, great
emphasis has been placed on lowering the cost wéatixg titanium from ores by
alternate means.

In the last 15 years, several new processes hage tdeveloped that aim to
produce titanium through more cost effective meshoGinatt&! and Rio Tint&! aimed
to produce molten titanium metal directly whereescpsses like the Armstrofig” and
Idaho Titanium Technologies (ITT) have used sodamd magnesium, respectively, to
produce titanium and titanium alloys in particulptvder form via reduction of Tigl
Electrolytic reduction of rutile in halide saltsshalso been used in the FFC-Cambridge
proces€ and MER and EMR/MSE proces§8<o0 produce titanium products which can
be used as titanium feedstock. Although all of ¢hgsocesses have successfully
demonstrated the ability to produce some formtahtum from rutile (TiQ) or TiCls in
a laboratory environment, only the Armstrong prechas been scaled-up to produce
titanium in significant quantities. The commerdation feasibility of any of these
processes is still an open question. In additioa titanium material from these processes
could potentially be used as input material for w@ntional ingot metallurgy or as

titanium powder for direct consolidation.
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2.1.2 Titanium-Boron Processing

Several methods for adding boron to titanium albgve been studied to obtain
desirable microstructures and mechanical prop€rtiéd Three standard processes have
been used to create titanium alloys with boron:timgl conventional powder metallurgy
(PM), and rapid solidification processes (RSP). ibkthods have been the most widely
utilized as these processes generate the mosablesagombination of microstructure and
properties albeit at a high cost.

Each PM method produces powders of varying sizephology and purity, that
affects the ability to compact the powder. The dstneam processing of the powder,
including compaction and working processes, subeaty influence the density, size,
morphology and composition of the resulting allogigcrostructure. To alter/control the
morphology and chemistry of starting powder prodactvide variety of methods have
been used. Direct gas atomizatidn’), rotating electrode (REP) or plasma rotating
electrode process (PREPY®, and rapid solidification proces§&s’*°*? The direct gas
atomization process has several steps: (1) maltimgt material, virgin raw materials or
clean pre-alloyed stock; (2) bottom pouring the tm@@) atomizing the molten stream
with high-pressure argon gas; and (4) cooling thetiqulate under an argon atmosphere
to room temperature (Figure 2.2a). The rotatingctedele process (REP) or plasma
rotating electrode process (PREP) entails rotafingtanium bar in an inert chamber
while a heat source (REP - electric arc; PREP snpéatorch) melts the bar material. The
molten material is then expelled from the bar asitlgies into spherical droplets (Figure
2.2b). The only RSP process that currently has shpetential for scale-up is also the

most recent rapid solidification process that hesnbdeveloped, the LENS(Laser
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Engineered Net Shaping) procdéd8sin the LENS" process, a metal base plate is moved
accordingly under a stationary laser rapidly mgltamd re-solidifying blended elemental
powder that is fed continuously into the laser b¢Bigure 2.2c}*®

Although PM methods can produce alloys with homegels and stable
structures not available using conventional melthoes, these processes area not cost
effective methods of manufacturing titanium powderd the probability of creating
inclusions and defects in the powder is high. Thesecesses are well-accepted
production processes for nickel and iron base gjlbyut are more difficult and costly for

titanium alloys. Thus, the PM processes are notelyidised in lieu of conventional

processing.

2.1.3 Armstrong Titanium Processing

The purpose of this research is to examine titarallays produced using a novel
titanium processing method called the Armstrongces§ Y (Figure 2.3). This process
produces titanium powder (pure titanium or titaniatloys) from TiCl, (and other metal
halides as required to obtain the desired alloypmsition) using sodium as a reducing
agent. Unlike conventionally processed titaniumg thrmstrong reduction of TiGl
produces pure titanium as a continuous processthHinal product in a useable form.
The final product of the Armstrong process is fitam powder, which can be directly
consolidated without melting, or melted (Figure)2@ompared to the Kroll or Hunter
processes, the direct consolidation of Armstrongcess powder eliminates several
processing steps/restrictions including: (1) restn of batch processing of material

(affects downtime of process), (2) multiple cleansteps, (3) crushing of material,
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(4) multiple melting steps, and (5) several harglbteps to consolidate the raw material
to feed into the melt as well as handling of indmsveen melting steps. In principle, the
elimination of these processing steps significargiyuces or eliminates capital and labor
cost, impurities including iron and nickel that twbue picked up from the reduction
vessel, and melt-related defects including harchadp high density inclusions, beta
flecks, and other alpha stabilized defétis.

Currently, all of the Ti-B alloy production processuse conventionally processed
titanium sponge or ingot metallurgy product assteeting material to produce a titanium
alloy with boron. The input titanium material isopuced from titanium sponge that was
created by the Krdff or Huntel? processes and subsequently processed utilizingfone
the previously mentioned methods. The titanium pawatoduced using the Armstrong
process does not require titanium sponge or mdbtlpct as the input material like the
melting, PM or RSP methods. It produces alloyeahtitm powder directly from TiGl
and other chlorides eliminating the process stepsreating titanium sponge and
minimizing the opportunity for introduction of indions from handling and subsequent
processing. The purpose of this research is to mendirectly consolidated
commercially pure (CP) titanium and Ti-B alloys guced using a novel titanium

processing method, the Armstrong pro&ets*>°!

2.2 Materials and Methods
2.2.1 Powder Processing
Commercially pure (CP) titanium and titanium a#dypowders with 0.8 and 0.9

wt.% (3.4 and 3.9 at.%) boron was procured fronerimtional Titanium Powder (ITP)
63



Company (Lockport, IL). The powder was producethgighe Armstrong process in
which the initial elements were added in the forfneldorides producing CP-Ti and Ti-B
alloys with a desired chemistry as shown in Table B should be noted that the boron
containing powders were the first process runsttengt to alloy titanium with boron

using the Armstrong process.

2.2.2 Chemical Analysis

Chemical analysis was performed on of the thres lft powder with aim
chemistries as shown in Table 2.1. The specifioatioemistries of Grade 2 and Grade 4
CP-Ti are also shown for comparison purposes. Tiemcstry of the powder was
determined using ICP/MS (Perkin-Elmer Elan 5000utitvely Coupled Plasma-Mass
Spectrometer per NIST, Brammer, and Certified Agsestandards) for the elements
boron, iron, sodium, and nickel; combustion forbcar and inert gas fusion for hydrogen,
nitrogen, and oxygen (LECO TC600 and TCH600 insents per ASTM E 1409 and
ASTM E 1447); and GD/MS (ThermoFisher Scientific %0 High Resolution Glow
Discharge Mass Spectrometer per ASTM F1710-97, 8869 and F2405-04) for
chlorine. Concentration of titanium was determinfedm the balance of the other
elements. The concentration of each element wasrdeted for one lot of powder for

CP-Ti, Ti-0.8B and Ti-0.9B, and reported in weigletcent.

2.2.3 Physical Characteristics
The physical characteristics of the CP-Ti, Ti-O&#&l Ti-0.9B lots of powder

were characterized by measuring the size of thedpow o quantify the average size and
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CP-Ti" Ti+0.8wt.%B" | Ti+0.9wt.%B” | CP-Ti Grade 2* | CP-Ti Grade 4**
Ti Balance Balance Balance Balance Balance
O 0.4% max. 0.4% max. 0.4% max. 0.2% max. 0.4% max.
B - 0.800% 0.900% - -
Fe 0.5% max. 0.5% max. 0.5% max. 0.3% max. 0.5% max.
Na 0.1% max. 0.1% max. 0.1% max. 0.1% max. 0.1% max.
Cl 0.1% max. 0.1% max. 0.1% max. 0.1% max. 0.1% max.
Ni 0.1% max. 0.1% max. 0.1% max. 0.1% max. 0.1% max.
C 0.08% max. 0.08% max. 0.08% max. 0.08% max. 0.08% max.
H 0.0125% max. | 0.0125% max. | 0.0125% max. | 0.0150% max. 0.0125% max.
N 0.05% max. 0.05% max. 0.05% max. 0.05% max. 0.05% max.

# CP-Ti, Ti-0.8B and Ti-0.9B produced using the Atrong process.
* Grade 2 CP-Ti chemistry per AMS4902.
** Grade 4 CP-Ti chemistry per AMS 4901.

Table 2.1.Target compositions of commercially pure (CP)iitan, Ti-0.8B and Ti-0.9B
powder produced using the Armstrong process.
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size distribution of the titanium powder, the CR-Ti-0.8B and Ti-0.9B powder was

sieved using ¥z inch, 4 (0.187 in.), 10 (0.0787, 29 (0.0278 in.), 50 (0.0117 in.), 100
(0.0059 in.), 150 (0.0041 in.) and 200 (0.0029 mesh sieves. The weight of powder in
each size range was measured and the distributippveder size is reported as percent

of total weight.

2.2.4 Metallography

Metallographic mounts containing samples of eaclthefthree lots of powder
were used for material characterization. Each fop@vder was mounted in methyl
methacrylate epoxy resin set at 3(165C) at a pressure of 4,200 psi (29 MPa) for ~7
minutes. The metallographic mounts were then wetiiggl and polished as outlined in
Table 2.2. After grinding and polishing, the moum®re swab etched at room
temperature with a solution of 10% oxalic acid, 1R, and 89% KO for

characterization by scanning electron microscopy.

2.2.5 Light Microscopy (LM)

The CP-Ti, Ti-0.8B and Ti-0.9B lots of powder wesaracterized using light
microscopy (LM). Each lot of powder was characelias-received in powder form and
after being mounted, ground, polished and etchddaralysis was completed using
ZeissAxioplan 2, ZeissAxiovert 100A, and 200MAT ,dadeissAxoskop 2 microscopes

each equipped with a Zeiss Axiocam MRc/MRc5 canf@rdirect digital imaging.
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2.2.6 Scanning Electron Microscopy (SEM)

The CP-Ti, Ti-0.8B and Ti-0.9B lots of powder wetearacterized using scanning
electron microscopy (SEM). Each lot of powder wharacterized as-received in powder
form and after being mounted, ground, polished atdhed. All SEM analysis was
completed using a JEOL field emission microscope wiTungsten filament and a Sirion

field emission microscope, both at 15-20 kV ac@lag voltage.

2.3 Results
2.3.1 Chemical Analysis

Chemical analysis was performed on the as-recer@oium powder produced
using the Armstrong process. The target compositimere commercially pure (CP)
Grade 4 titanium material with 0.0, 0.8 and 0.9%wtboron. Table 2.3 shows the
composition of the three lots of titanium powderoguced. The specification
compositions for Grade 2 and Grade 4 CP-Ti were atsluded in Table 2.3 for
comparison. The oxygen and iron concentrationsif@CP-Ti powder are 0.13 wt.% and
<0.001 wt.%, respectively. The CP-Ti powder hag W2.% less oxygen and 0.50 wt.%
less iron than specification maximum for Grade 4TCknaterial. The oxygen and iron
concentrations for the Ti-0.8B and Ti-0.9B powdange from 0.58 — 0.61 wt.% and
~0.02 wt.%, respectively. The Ti-0.8B powder ha$80wt.% more oxygen and 0.48
wt.% less iron than specification maximum for Grdd€P-Ti. The Ti-0.9B powder has
0.21 wt.% more oxygen and 0.48 wt.% less iron s@ecification maximum for Grade 4
CP-Ti. The three lots of titanium powder also canteace amounts of sodium, chlorine,

nickel, hydrogen and carbon, which were signifibalgss then the maximum allowed in
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Procedure Step

Grit/Abrasive

Pressure per mount (Ibs.)

Time (sec.)

1

300

300

300

300

300

300

SEEISEER

3030

XN WIN

Cdlliddl Slica & Hydrogen Peraxide solution

S EEEEEEEE

gjojorjorjorjorjor|jo

120-180

Table 2.2.Standard metallographic grinding and polishingcpdure.
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in Grade 2 and Grade 4 CP-Ti specifications.

2.3.2 Physical Characteristics

The typical size distribution of the CP-Ti , Ti-8.8nd Ti-0.9B powder was
measured using various sieves. The CP-Ti powdecdlypize distribution is ~75% at 4
mesh (0.185 in) and the remaining 25% at or beloméhh mesh. The Ti-0.8B powder
typical size distribution is: ~10% between 150 mésB041 in) to 50 mesh (0.0117 in);
~43% between 50 mesh (0.0117 in) to 25 mesh (0.097&nd the remaining 47% at or
below 25 mesh (0.0278 in). For the Ti-0.9B powdee, typical size distribution is: ~38%
between 50 mesh (0.0117 in) to 25 mesh (0.027&ivg;the remaining 62% at or below
25 mesh (0.0278 in). It should be noted that theoahal morphology of the powder
made the sieving more difficult. Since the powdaswnot spherical, the dimensions of
the powder are not equivalent in all directionserBfiore, some powder could pass
through some of the smaller sieve openings eveugthahe powder larger in all other

dimensions, thus producing a small error in the tneasure of the powder size.

2.3.3 Light Microscopy (LM)

The CP-Ti, Ti-0.8B and Ti-0.9B powder is shown v tas-received condition in
Figures 2.5, 2.6 and 2.7, respectively. The CPTiHQ.8B and Ti-0.9B powder is an
irregular shaped aggregate with a porous and &iappearance. The finer CP-Ti
particles or aggregates are more equiaxed in siwape the larger CP-Ti particles are
elongated in shape. The Ti-B particles or aggregate predominately flat and elongated

in shape with some finer, more equiaxed patrticles.
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CP-Ti" | Ti+0.8wt.%B" | Ti+0.9wt.%B"| CP-Ti Grade 2* | CP-Ti Grade 4**
Ti Balance Balance Balance Balance Balance
(@) 0.130% 0.581% 0.606% 0.2% max. 0.4% max.
B - 0.820% 0.900% - -
Fe <0.001% 0.018% 0.019% 0.3% max. 0.5% max.
Na 0.049% 0.003% 0.005% 0.1% max. 0.1% max.
Cl 0.012% 0.002% 0.002% 0.1% max. 0.1% max.
Ni <0.001% <0.001% <0.001% 0.1% max. 0.1% max.
C 0.006% 0.019% 0.015% 0.08% max. 0.08% max.
H 0.002% 0.005% 0.008% 0.0150% max. 0.0125% max.
N 0.002% 0.001% 0.007% 0.05% max. 0.05% max.

# CP-Ti, Ti-0.8B and Ti-0.9B produced using the Atrong process.
* Grade 2 CP-Ti chemistry per AMS4902.
** Grade 4 CP-Ti chemistry per AMS 4901.

Table 2.3.Comparison of chemical compositions of commergipiire (CP) titanium,

Ti-0.8B and Ti-0.9B powder produced using the Ammisy process and typical Grade 2
and Grade 4 CP-Ti.
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2.3.4 Scanning Electron Microscopy (SEM)

The CP-Ti, Ti-0.8B and Ti-0.9B powder is shown v tas-received condition in
Figures 2.8 - 2.13. As observed with light micrgegahe powder is an irregular shaped
aggregate with a sponge-like and friable appearaht®ver magnifications (Figures 2.8
- 2.10). The finer CP-Ti particles or aggregates more equiaxed in shape while the
larger CP-Ti particles are more elongated in sh@ipe.finer Ti-B particles or aggregates
are more equiaxed in shape while the larger Ti-Bigas are more similar to elongated
in shape. At higher magnifications, the CP-Ti, Téf® and Ti-0.9B powder appears to be
an aggregate of fine powder particles that havéoaggrated (Figures 2.11 - 2.13).

CP-Ti, Ti-0.8B and Ti-0.9B powder in cross-sectisnshown in Figures 2.14 -
2.16, respectively. The cross-section of the CRAO Ti-B powder shows again that the
powder appears to be an aggregate of fine powdéclpa that have sintered together.
The powder does not exhibit any microstructurakuess including second phases or
grains. X-ray diffraction (XRD) or transmission ef®n microscopy (TEM) was not
performed to validate whether grains or TiB were present in the as-received powd
and not observable using SEM. The fine CP-Ti plagithat make up the aggregate are
predominately cylindrical in shape with some spt@riThe fine Ti-B particles that make

up the aggregate are predominately cylindricahispge with some spherical particles.

2.4 Discussion
2.4.1 Commercially Pure (CP) Titanium Powder Processing
The CP-Ti powder produced using the Armstrong @ecés similar in

morphology to that of titanium sponge except onnarfscale. The Armstrong process
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Figure 2.5.Macrographs of commercially pure (CP) titanium pewproduced using the
Armstrong process.
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Figure 2.6.Macrographs of Ti-0.8B powder produced using thegrong process.



Figure 2.7.Macrographs of Ti-0.9B powder produced using thegrong process.
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Figure 2.8.Low magnification micrographs of commercially py&P) titanium powder
produced using the Armstrong process.
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Figure 2.9.Low magnification micrographs of Ti-0.8B powdepguced using the
Armstrong process.
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Figure 2.10.Low magnification micrographs of Ti-0.9B powdeoguced using the
Armstrong process.
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Figure 2.11.High magnification micrographs of commercially e§CP) titanium
powder produced using the Armstrong process.
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Figure 2.12.High magnification micrographs of Ti-0.8B powdeog@uced using the
Armstrong process.
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Figure 2.13.High magnification micrographs of Ti-0.9B powdeoguced using the
Armstrong process.
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Figure 2.14.Micrographs of cross-sections of commercially pi@e) titanium powder
produced using the Armstrong process.
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Figure 2.15.Micrographs of cross-sections of Ti-0.8B powdearduced using the
Armstrong process.
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Figure 2.16.Micrographs of cross-sections of Ti-0.9B powderduced using the
Armstrong process.
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produces titanium powder that is an irregular staaggregate with a coarse, sponge-like
appearance. Titanium sponge and Armstrong titarpomder are shown in Figure 2.17
for comparison. As mentioned previously, the tiad#&l methods for producing titanium
are the Kroll and Hunter processes. In these psesesliC) is reduced using either
magnesium for the Kroll process or sodium for thentér process to create titanium
sponge. Based on all published literature on theasiong process, it is essentially a
continuous version of the Hunter process, wherd,s@por is reduced as it is injected
into a flowing stream of molten sodium. As chemicabctions for the Hunter and
Armstrong processes are similar and produce méateria similar appearance, it is
expected that the mechanism of titanium sponge@wdpr formation would be similar. It
should be noted that all discussion of the Armgjrgmocess is based on published
literature including the patents describing thisgasss. Therefore, all conclusions on the
Armstrong process itself are based on comparisébrisecopen literature on Armstrong
process to that of other known processes suchedsrtil and Hunter processes.
Although many studies have been conducted on thell Kand Hunter
processed 3 there is no consensus on the relationship bettreechemical reactions
of the processes and titanium sponge formationeblagt al*® have proposed that the
TiCl, vapor becomes reduced to titanium sponge in adi&ge process as shown in
Figure 2.18°® As TiCl, is fed into the reactor containing molten magnasar sodium,
it vaporizes and is transported to the liquid stefaReaction of TiGlwith sodium liquid
gives rise to the formation of tiny droplets cotiag of NaCl or a solution of NaCl/Tigl
Significant further reduction of Tiglcan only take place by the dissolution of sodiam i

the salt droplets and its transport to the salt/gtesface (Figure 2.18aJ.itanium forms
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CF-T1 Puwdr

Figure 2.17.Micrographs of commercially pure (CP) titanium @& produced using
the Armstrong process in comparison to Ti spongleC@-Ti powder; (b) Ti sponé.
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when the NaCl droplet reaches a surface where dickeaion and growth of titanium
metal is favored. Sponge formation advances bylitbsolution of sodium in the salt and
its diffusion through the satit the crucible wall or the titanium surface (Figgi2.18b
and c). This sponge-formation reaction can alse tpkace by an electrochemical
mechanism of charge transfer through the chloridéhe reactor wall, as proposed by
Okabe and Waseld, according to which the physical contact of sodiamd the
intermediate TiGl product is not necessary.

Based on these proposed mechanisms, the titaniumidgooproduced with the
Armstrong process should form spherical shapes {@seirface tension). However, the
data presented currently indicate the powder ctmeiselongated and equiaxed particles
(Figure 2.17). The titanium particulate morpholesgishown in Figure 2.17a are
analogous to those of the titanium powder produnedhe Armstrong process (Figure
2.17b). Fuwa et &' suggested that the key factor controlling the rholpgy is the
reduction temperature, where higher temperaturasergée columnar morphologies
indicating titanium crystalline growth and partsihtering of grain aggregates during
reduction. Fuwa et al. reported results that titanproducts at higher reduction-reaction
temperatures have a mixed morphology of columnsgrach aggregates while those at
lower temperatures have mostly grain aggregatesshesvn in Figure 2.19. The
Armstrong titanium powder is consistent with therpiwlogies observed at the lower
reduction-reaction temperatures (~1830°F). Theegfdhis would suggest that the
titanium powder produced using the Armstrong preasas completed at temperatures

around those for sintering of titanium (~1830°Fpducing more equiaxed aggregates.
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Figure 2.18.Proposed mechanism for commercially pure (CP)oWger formation
using the Armstrong process. (modified from re8])5
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Figure 2.19.Titanium sponge produced at higher reduction-reacemperatures
showing mixed morphology of (a) columns and grajgragates while those at lower
temperatures have mostly (b) grain aggredafes.
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The current literature on the Armstrong procestestthe reactions in the process
are completed at temperatures less than the pedlisimtering temperature of titanium
producing spherical powdefs3" However, the results from the first experimentais
(of Ti-B powders) were more equiaxed and elongatedshape suggesting that if
spherical powders were formed, then they sinteettogr during the process to form the
aggregates. If this is the case, then the sintemragtion of the material may not be
consistent with that publishéd"

Several factors, in addition to temperature, mesttnsidered to further explain
the Armstrong powder morphology. Time and tempeeatare significant factors that
affect the sintering of materials with particle esiand pre-alloying to a lesser extent.
Several studies have been completed in an attemmtemonstrate the relationship
between these factors and sintefifif’. All of these studies show that sintering is a

diffusion-based process that is in a form simitattte follow:

dp = CDyVn
dt RTG [2.1]

where @/dt is the sintering or densification rate, C ix@nstant, D is the diffusion
coefficient,ys is the surface energy,mMs the molar volume, R is the gas constant, T is
the absolute temperature, G is the particle sind, »ais some value experimentally
determined. As is shown by equation 2.1, when garsize is decreased, the rate of
sintering increases by a power of ‘x’ with temparatand all other factors held constant.
If temperature was allowed to decrease, the singerate could be held constant by
increasing the particle size accordingly. Basetherparticle sizes shown in Figures 2.17
and 2.19, the particles produced by the Armstroruggss are finer in morphology to
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those in the Kroll and Hunter process. Therefohe, temperature at which sintering
could occur in the Armstrong process reaction cheammmuld be higher than that of the
Kroll and Hunter process. However, this longer tieactime at temperature is a trade-off
as the same effect can be obtained at either higlmperatures and shorter times
(Armstrong process) or lower temperatures and lonm@es (Kroll and Hunter
processes). The combination of higher temperatamelsshorter times is most likely the
reason why the Armstrong product is sintered togyeith aggregates rather than spherical
powders as expectét

The pre-alloying aspect is another factor thatlede be taken into account when
discussing the Armstrong process. In the Kroll ahghter processes, only titanium
sponge is made along with some residuals of ircsh @ickel from the crucible. An
advantage of the Armstrong process is the abitityprioduce alloy powders by mixing
other metal chlorides with TiglI The powder in this study was targeted to be Grade
CP-Ti, but as shown in Table 2.3 the oxygen and in@re lower than the maximum
levels in the specification. Liu et &’ and otherd*” have observed that as the
amount of iron in titanium powder is increased, fingering rates increased by 2 — 4
times at sintering temperatures ranging from 1830°E192°F (1000°C to 1200°C) for
times ranging from 25 to 350 minutes. This incraas&ntering rate was attributed to the
high diffusivity of iron in titanium, especially ithe 3-phase. Although the concentration
of iron is small, there still could be a minimafesft that would explain the formation of

the aggregates in the Armstrong processed titapionder.

90



2.4.2 Titanium-Boron Alloy Powder Processing

The most widely used titanium powder processinghodst are gas atomized
(GA)B3374275.781 nhlasma rotating electrode process (PREP) antdgtelectrode process
(REPJ*387"1 Typical structures of the titanium powder prodidey GA, PREP, and
REP powders are shown in Figure 2.20(a,b). Usiresaghpowder metallurgy (PM)
methods to produce Ti-B alloys allows for a moresraically homogeneous final
material. The major obstacle for the wide spread o§ PM methods in lieu of
conventional processing methods is the cost optheder. The upfront cost of powder
processing is potentially lower and is one of theamtages of the Armstrong process
compared to the other powder metallurgy metH&@! The powder produced using the
Armstrong process is very different than the powgteduced using any of the other PM
methods. Figure 2.20 shows titanium powder produsgdsA, PREP, REP and the
Armstrong process. The GA, PREP, and REP procgssesice titanium powder that is
spherical or near spherical with finer satellitertiotes attache:”® The Armstrong
process produces titanium powder that is a pormregular shaped aggregate that is
comprised of particles that are sintered togethieind processing. Although the powders
in Figure 2.20 show varying sizes depending onptaeess, it should be noted it is
difficult to compare the effect of process method ppwder size and morphology. A
change in one of the parameters in the Armstronggss could change the powder size
and morphology, but not for GA as this would onffeet the size. For example, the
powder size will decrease when increasing the pressf the argon gas used to atomize

the material in the GA process.
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(b) -,

Figure 2.20.Micrographs of titanium powder produced usingr¢ting
electrode proceS% (b) gas atomizatidff’, and (c) Armstrong process.
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The titanium powders produced using conventional PMcesses and the
Armstrong process are not similar in appearancetiauaddition of boron has a similar
effect on the powders produced by all of the preess The addition of boron to the
titanium powder refines the microstructural feasucd the powders regardless of the
process. Yolton and M&lf! examined a prealloyed Ti-6Al-4V-XB alloy producegt
cold wall induction melting of master alloys andatium diboride, and argon gas
atomization. The powder, as atomized, consistedfimé TiB particles dispersed
uniformly in a Ti-6Al-4V matrix. At higher boron \els, the powder had a finer
morphology with a higher density of TiB particlesnge of which were needle shaped
(Figure 2.21). The Armstrong process, however, pced powder with no
microstructural features. There were no grain bauded or titanium-borides observed
when the cross-sections of the Ti-B powders exathiligs likely the there was titanium
present in the form of. grains, but X-ray diffraction (XRD) or transmissi@lectron
microscopy (TEM) was not used to assess whethgmains was present. In addition, it is
most likely that the boron is in solution with thi&anium and TiB does not form until
during subsequent processing.

In addition to having no microstructural featurdse size of the powder is also
reduced using the Armstrong process. It is diffitaldetermine if the addition of boron
affects the size of the powder produced using ofitecesses as the effect can be
confounded with process parameters used in they.siite addition of boron in the
Armstrong process produced powder with a finer rolpgy as compared to the CP-Ti
powder. The reduction in size of the powder assmstdbtaining a uniform distribution of

the TiB particles throughout the final consolidatié@nium alloy.
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Figure 2.21.Micrographs of Ti-6Al-4V-XB powder produced usiggs
atomizatiort>¥
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Currently, all of the conventional PM processes asaventionally produced
titanium (either sponge or mill product) as thetstg material prior to consolidation or
solidification with boron to produce Ti-B powder the consolidated Ti-B alloy. The
input titanium material is produced from titaniuposge that was created by the Kroll or
Hunter process and either blended or melted wileropowders/raw materials of the
desired alloying elements to form the titanium pewdlhe morphology of the Ti-B
powder produced using the Armstrong process isogoak to that of the CP-Ti powder
and titanium sponge (Figures 2.21 and 2.22). Tteedbpowder with and without boron
are aggregates of smaller particles that appedrat@ been sintered together during
processing. In the case of the Ti-B powder, theregges have two size distributions:
smaller aggregates that are more spherical in sivhpe the larger ones are more similar
to cylindrical in shape. The larger aggregates viitton are similar to that of the
aggregates without boron.

Unlike the Kroll and Hunter processes discussedipusly, the mechanism(s) for
the formation of Ti-B powder produced using the Atrang process has not been
thoroughly studied with results published in opeerature. However, there have been
several studies published on the mechanism(s) aadtion(s) associated with the
reduction of TiC} and BC} to titanium, boron, TiB, and TiBusing sodium as the
reducing agert>®¥ Since this is the same reduction process thatrsdsthe Armstrong
process, understanding and applying these mechg)isothe Armstrong process could
assist in optimizing the powder to obtain the mstnocture, and properties required for a

particular application.
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Figure 2.22.Micrographs of (a) commercially pure (CP) titaniuim) Ti-0.8B, and (c)
Ti-0.9B powder produced using the Armstrong process
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(b)!

Figure 2.23.Micrographs of (a) titanium sporig@, (b) Ti-0.8B, and (c) Ti-0.9B
powder. Ti-0.8B and Ti-0.9B powder was produceags$he Armstrong process.
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Axelbaum et al*®>®? and Steffens et & have both proposed a mechanism such
that TiCl, and BC} vapor is reduced to titanium, boron, TiB, and/aB2lin a similar
way as titanium sponge is produced. As with theicgdn of TiCl, to titanium sponge,
the particle formation begins with a gas-phase telusgy of reactions rather than
nucleation of one component followed by gas-clusteaction between the two
component§® Unlike the titanium sponge mechanism/process, atigition of BC}
complicates the mechanism/process such that theetied product is strongly dependent
on the chloride ratio. Axelbaum et.[3% have shown that the yield of the product is a
function of chloride ratio (R) as follows:

Rci = Xgeis [2.2]
Xricla

where X is the mole fraction of the species. Fer=R0, that is, for no BG) the yield is
100% titanium (as shown for Armstrong processedTCpewder). For 0 < B < 1, the
product consists of TiB and titanium; 1 €/R 2, the product is TiB and TiBand for
RCI > 2 the product is TiBand boror®” Notably, for R, = 2 the yield is 100% Tig®"
The vyield increases with chloride vapor pressureabse the vapor-phase reactants are
converted to solid-phase products. Conversely,edesing the concentrations of reactants
(lowering partial pressures) will reduce yield. Téfere, in principle, by controlling
stoichiometry, pressure, and temperature the y@idisanium, boron, TiB, and TiBcan

be controlled to obtain a variety of useful produicicluding that used in this study. The
Ti-B powder produced using the Armstrong procesk rdit show any microstructural
features. This may be due to the small amount wideo examined in cross-section or the

microstructural features were not resolvable ughey SEM. However, the boron was
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most likely in solution with the titanium in the wder, as after subsequent processing
TiB was observed throughout the material.

This particle formation mechanism/process produysewder that is typically
equiaxed in shape. As mentioned previously, treitim powder with boron produced
with the Armstrong process is an aggregate of fiparticles. It is believed that the
particles are formed by the gas-phase mechanisntioned previously and while the
particles are still in the reactor they sinter ¢oni the aggregates. The sintering of the
particles is time, temperature, chemistry and glartsize dependent, and as shown
previously explains the formation of aggregatesnfiemaller particles in the Armstrong

titanium powder.

2.4.3 Commercially Pure (CP) Titanium and Titanium-Boron Powder Metallurgy

The irregular, aggregate shape of the powder walleh an effect on the
microstructure and properties of the final prodddie morphology of the powder will
determine the ease with which the powder can besatmlated to obtain the final
product® The flowability and packing density of a powdee aneasures of the ease
with which powder can be compacted. If the powdss b good flowability, it can be
easily compacted with less pressure and temperathespacking density is a measure of
how tightly the powder can be compacted with respea fully dense product. Typical
packing densities reported for PREP, REP and Ganitim powder with boron is
~B50p[33-38.42-44.74-71859%e CP-Tj, Ti-0.8B and Ti-0.9B, produced using Arenstrong
process, has poor flowability and a low packing sityn(<20%) in comparison to

spherical powder. This is due to the irregular ghapthe Armstrong process powder
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making it difficult to tightly compact the powder ittwout additional pressure or
processing. The lower flow rate and packing densitythe powder could lead to
additional processing being required to fully cditade the powder.

The irregular shape and porosity of the CP-Ti pavatgregate that is produced
also leaves questions on how well the residualusodand chlorine can be removed.
Residual chloride can cause porosity in the codatdid powder metallurgy alloy which
often results in a degradation of the mechanicapegrties especially fatigl&:’® The
reduced amounts of sodium and chlorine in both GfReTi and Ti-B should have a
positive influence on the microstructure and prapsrof the final product (Table 2.3). A
couple of possible reasons for the cleaner powsigil) since the powder is fine and so
porous, it has less cavities or crevices for théitso and chlorine to get trapped thus
allows for a more effective cleaning, and (2) theaning methods used providing a more
thorough cleaning of the powder. The powder washedsvater to remove the sodium
chloride by-product before being shipped in an arfijted container.

The cleanliness of the powder and final productl® dependent on foreign
particles in a similar manner as residual chlorideteign particles can be introduced
when this powder is exposed/transported from tHaaton reactor to storage containers,
and handled during post processing such as sigterirHIPing. Powder cleanliness is
one of the main factors governing the quality ofvder metallurgy alloys, because even
low levels of contamination from foreign particlesay lead to a substantial loss of
inherent properties such as with fatigue strengttis is a bigger concern for titanium

alloys in comparison to that of nickel and ironog8i as inclusions are not currently a
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concern in industry standard material processeggusacuum arc remelting (VAR) and
hearth melting.

The fine size of the powder particles will also @an effect on the microstructure
and properties of the final product. The Armstrggmvder is immediately quenched
upon becoming a solid producing a very fast cooliaig. The fine size of the powder
allows for the material on the surface and inteabthe powder to have the same fast
cooling rate, and subsequently reduce the spaahgeden and increase the number of
grain nucleation sites. In other powder metalluiigyl) methods like gas atomization, the
cooling rates of the powder will not be as quickedo the process and, size of the
powder. This will lead to a lower number of and@pg between nucleation sites. The
larger number of nucleation sites will allow for raograin to nucleate and grow in
comparison to gas atomized powder. The larger numbgrains growing will impinge
on each other limiting the final grain size of thensolidated material. Therefore, it is
more likely that the Armstrong powder should proglua finer structure in the
consolidated material as compared to other PM nastHo addition, the fine particle size
will result in a finer structure and better contifl the local chemistry in the final
product.

The particle size will have a downstream effectlmnconsolidated products grain
size and subsequently the properties. A fine sigpowder size tends to lead to a finer
grain size for products consolidated without additil plastic work*! and should lead to
increased strength in the final product based @nHall-Petch relationshiff*®. The
grain size of powder materials, that are consaddiatithout plastic work, tend to stay

finer than conventional products as the drivingcéofor recrystallization is small. In
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conventional products, severe plastic deformat®mdged to reduce the grain size and
there exists a large driving force for recrystallian (reduction in dislocation density).
Since the powder is already fine and there is ndarge dislocation density from
additional plastic work, the microstructure of thensolidated material is relatively
stable. Grain growth could occur depending on thiesequent processing like extrusion
or isothermal forging, but typically the grain siakthe final product is analogous to the
starting powder size when consolidation occurs evithadditional plastic work3°%:7]
The addition of boron into the titanium powder me§ the powder size produced using
the Armstrong process. This reduced size shoul@ l@adownstream effect by refining
the grain size and increase the strength of thal fimoduct compared to the CP-Ti
material.

The chemistry of CP-Ti and other non-heat treatgioésle titanium alloys is as
important as any other factor including processimgthod on the microstructure and
properties of the final product. Table 2.3 showomparison of the chemistries between
the CP-Ti powder, Ti-0.8B, Ti-0.9B, and specificatiGrade 2 and Grade 4 CP-Ti. The
Ti-B powder had higher amounts of oxygen, iron, @adoon with lower amounts of
sodium and chlorine in comparison to the CP-Ti mateThe higher amounts of oxygen,
iron and carbon will provide a significant amouritstrengthening in addition to that
associated with bordff %! The oxygen and carbon are interstitial elemerds phovide
solid solution strengthening of the final prodB&t®! Jaffe et al*®'%? derived an
equation that determines the oxygen equivalenceann attempt to quantify the
contributions of oxygen, nitrogen and carbon iresggthening of CP-Ti. Their work

shows that the order of interstitial strengthenmagitrogen > oxygen > carbon. Simbi
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and Scullf’®¥, on the other hand, have shown that oxygen isranfare potent
strengthener than nitrogen and carbon combinedy Tiage shown that the amount of
iron present in the alloy needs to also be takemaccount as it has confounding effects
on the strengthening, and thus oxygen can be a mak potent strengthener (up to
~0.4 wt.% oxygen) than nitrogen and carbon depgndimthe amount of iron present in
the alloy.

The observations by Jaffe et'8t'%? and Simbi and Scul§?* would suggest
that the low oxygen levels in the CP-Ti powder ddaignificantly reduce the strength
of the consolidated product. Since Grade 4 CP-Tfiveational material used in industry
is typically at or near the maximum levels of oxygehis would suggest that the
consolidated CP-Ti powder would be expected to Heawer strength in comparison to
that of a conventional product. The Ti-B powder Isaghificantly higher oxygen levels
than CP-Ti and conventional Grade 4 CP-Ti, whichuldolikely lead to additional
strengthening over that in typical Grade 4 CP-Tie higher amount of oxygen in the Ti-
B powder in comparison to CP-Ti powder is likelyedto the higher surface area to
volume ratio of the fine Ti-B powder. In additiogpecial attention is needed in the
further handling and processing of the powder tbimwoduce additional oxygen, which
could reduce the ductility of the final product.

The increased amount of iron in the Ti-B powdercamparison to the CP-Ti
powder, is believed to refine thegrain size by forming somg phase mainly at the
grain boundary triple points preventing grain groveind subsequently strengthens the
final product!®®°4 The lower iron level in the Armstrong processedTCRnd Ti-B

powder is expected to have a minimal, if any, eftecthe grain size and strength of the
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consolidated product as the amount of iron in thveder is less than the solubility of iron
in titanium. Therefore, the iron should not fornydnphase and stay in solution in the

phase.

2.5 Conclusions

A novel titanium reduction method called the Arrosty process was used to
produce commercially pure (CP) titanium, Ti-0.8Rldn-0.9B powder. The powder was
analogous to titanium sponge in that it was arguta shaped aggregate with a rough,
porous and friable appearance. The mechanism(&rwfation of the CP-Ti and Ti-B
powder produced using the Armstrong process aréogmas to that of the Kroll and
Hunter processes. The two major exceptions aréAthestrong process produces finer
particles and alloyed products. The morphology aidodal size distribution of the
titanium powder produced by the Armstrong process & much lower packing density
than powder produced using other traditional powdestallurgy methods. When
compared to CP-Ti, the morphology of the Ti-B ponidad a finer morphology, which is
believed to provide a finer grain size in the fipedduct providing for higher strength.

The fine size and porous nature of the Armstrongcgssed titanium powder
makes it is easier to remove the sodium chloridefthe reduction step in the Armstrong
process. This is important to prevent detrimenti@cés on the density and properties of
the final product. The finer morphology of the pawrds also believed to provide a finer
grain size in the final product providing for higrstrength. The chemistry of the CP-Ti
powder could offset this increase in strength fribvim fine morphology, as the oxygen,

nitrogen, carbon and iron are all low in concemndraproviding only a small amount of
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strengthening. The chemistry of the Ti-B powdemnvleer, had higher levels of oxygen

and carbon, which should provide solid solutioersgithening.
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CHAPTER 3

MICROSTRUCTURAL DEVELOPMENT OF CP-TI AND TI-B MATER\L

3.1 Introduction

Over the past 25 years, the price and demandawiititn, not withstanding short -
term price/availability perturbations, has riserd arontinues to rise. For less critical
applications, novel, cost-effective titanium pragiag methods need to evolve to meet
the rising demands of the automotive, sports eqgeigmchemical and petrochemical
industries. New processes have recently been deseltm produce high quality titanium
and titanium alloy powder to meet the increasinmaleds of these diverse markets. In
addition, titanium powder metallurgy (PM) methodsuld potentially reduce the
concerns of elemental segregation and non-unifaspegsion of insoluble second phases
allowing the development of new alloys not previgysossible using ingot metallurgy
methods. In addition, near net shape parts canrdduped with PM methods, which
reduce the amount of input titanium material amélfimachining required. As a result,
the total cost of producing parts is reduced.

Although titanium PM processing may provide manywaadages, significant
secondary processing is required to consolidat@dheler into the desired shape. These

secondary processes include, but are not limitechto isostatic pressing (HI®Y,
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vacuum hot pressing (VH®Y!, mechanical pressifig, cold isostatic pressing (CH)

171 sintering and other hot working operatiGri&'**8! As with any production process,

choice of the secondary process used to consolidatéum powder depends on desired
mechanical properties (i.e. tensile, fatigue, asijfie crack growth) and cost. In turn,
the mechanical properties depend on cleanlinessitge and microstructure. The final

cost depends on cycle time, and production level.

The most common method for consolidating powdertamé hot isostatic
processing (HIP). The titanium powder is placed &m oversized metallic container and
the gas is evacuated from the container prior tonb&cally sealing it. The container is
then placed into a pressure vessel in which isogtaéssure is imposed on the powder
container while it is heated to the desired tempeea The combination of the pressure
and temperature collapses the container onto thedgo The resulting stress state is
isostatic. The HIPing process forms a nominallylyfulense material that closely
resembles the shape of the original container éxseyaller because of densification.
HIPing is the most widely used process to constdigewder material despite its cost
because it produces the cleanest, fully dense ptanla mass production environment.

A number of other secondary processing methodigaipressure with or without
heat to consolidate Ti powder. In vacuum hot presgVHP), a cavity set typically of
Mo alloy dies are filled with titanium powder invacuum container and heated to the
desired temperature as a vacuum is applied anddeatlic press exerts consolidation
pressure. All of the variables are held until tleevder is consolidated into the desired
shape. This process produces a product that halarsproperties to wrought products,

but is more costly than HIPing. Cold isostatic preg (CIP) is also very similar to HIP
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as they both utilize isostatic pressure to conatdich powder that is in an evacuated and
sealed container. However, CIP, as the name imp$iesarried out at room temperature
and uses a soft plastic or elastomeric containéhoAgh CIP has a lower cost, the
inability to obtain full dense and tightly dimensex products has limited the
opportunities for this process. In mechanical gireg pressure is applied to the powder
within the dies using hydraulic presses. As medamressing is carried out at room
temperature it does not require expensive Mo all®y material like VHP requires;
however the product formed is not as dense as Viitthéis good dimensional control.
Thus, an additional processing step is requiresinfmrove the density. Although VHP,
CIP and mechanical pressing are similar to HIPenpossess the combination of high
density and good dimensional control.

In order to obtain higher densities in PM matersibsequent hot working
operations are used. The most common hot workiegations are rolling, extrusion and
closed die forging. The hot working of materialeafit has been compacted with one of
the before mentioned processes, produces a moee aeaterial for applications where
porosity must be minimized or eliminated. In adxitito minimizing porosity, these
working operations put varying amounts of plasetodmation into the material, which
affect the final microstructure and mechanical prtips of the material. Therefore, the
hot working operation that is used is strongly awj@nt on the mechanical properties
required for the final application.

The purpose of this research is to examine titar@ioys produced with boron
using the novel titanium production method callée tArmstrong proce8&*4 as

discussed in Chapter 2. The material that is chenraed in this study was consolidated
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using a HIP, extrude and heat-treat process sequantlar to the processing protocol
for nickel powder alloys. Consolidated commercigiye (CP) titanium, Ti-0.8B and Ti-

0.9B material was characterized in this study.

3.2 Materials and Methods

The commercially pure (CP) titanium, Ti-0.8B andOT®B powder mentioned in
Chapter 2 was the starting powder material for gag of the study. As mentioned in
Chapter 2, the boron containing powders used sghidy were the first process runs to

attempt to alloy titanium with boron using the Atnagig process.

3.2.1 Consolidation and Heat Treatment Processing

The lots of CP-Ti, Ti-0.8B, and Ti-0.9B powder shown Table 2.3 were
consolidated by HIPing, extrusion, and subsequeat tieatment, in order to characterize
the material in a condition similar to that in wiiit would be used. Each of the powder
lots were placed in three different HIP cans inrert environment glove box. The glove
box was equipped with scrubbers for oxygen, nimogad hydrogen contaminants for
inert handling to minimize the potential for contaation of the powder. Each HIP can
was ~6 in. in length by ~2 in. in diameter and matldi-6Al-4V. The HIP cans were
backfilled with argon, evacuated and closed bytsdadbeam welding. Each HIP can was
then placed in a Flow-Autoclave Mini-Hipper (Mod@IH9) one at a time. The cans
were HIPed at a pressure of 30 ksi (207 MPa) aednperature of 1706 (926C) for 4

hours.
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Upon completion of HIPing, the cans were machineahd and placed “cold”
into a furnace with a hydrogen environment for @aval a half hours at 16%0 (90C6C).
After two and a half hours, the cans were taken a@na time from the furnace and
immediately extruded in a 1250-ton hydraulic extospress and air-cooled. The
extrusions were performed with a ram speed of 9tin. and an extrusion ratio of 10 to
1. The length and diameter of each of the thremusixins were then ~45 in. and ~0.665
in., respectively. The three extrusions were hesitéd in a Lindberg air furnace at

1300F (704C) for 2 hours and air-cooled.

3.2.2 Chemical Analysis

Chemical analysis was performed on the three ldtpawder discussed in
Chapter 2 (powder chemistries shown in Table 2f®r a&onsolidation. The chemical
analysis of the consolidated material was perforodg the same methods as discussed

in section 2.2.2.

3.2.3 X-Ray Diffraction

X-ray diffraction qualitative phase analysis of tbensolidated Ti-0.8B and Ti-
0.9B material was completed to confirm the crystmucture(s) of all phases in the
material. The structure(s) present in the constdtlanaterial was determined using a
Bruker-AXS General Area-Detector Diffraction Systef@ADDS) with a 0.02 in.
incidence beam collimator and area detector. Th®B3 was equipped with a copper

target and a beam size of 0.02 in. x 0.04 in. Bdffion results were compared to known
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standards to confirm the crystal structure(s) efghase(s) present in the consolidated Ti-

0.8B and Ti-0.9B material.

3.2.4 Metallography

3.2.4.1 Metallography - Scanning Electron Microsgop

Metallographic mounts were made from each of tite ¢ consolidated and heat-
treated CP-Ti, Ti-0.8B and Ti-0.9B material for chaerization. The three lots of
material were mounted after being HIPed, extrudetlteeat-treated. Each lot of material
was sectioned using a Struers Labotom-3 SiC cuttingel. The material was removed
from the center of the extrusion and mounted ind&mtome? such that the longitudinal
and transverse directions of the material couldcbaracterized. The metallographic
mounts were then wet ground and polished as odtlinélable 2.2. After grinding and
polishing, the mounts were etched in a solutiorni®% oxalic acid, 1% HF, and 89%

H,O for characterization by scanning electron micopsc

3.2.4.2 Metallography - Transmission Electron Meropy

Transmission electron microscopy (TEM) foils werada from each of the three
lots of consolidated and heat-treated CP-Ti, TB0.&nd Ti-0.9B material for
characterization. The three lots of material wemeated into foils after being HIPed,
extruded and heat-treated. Each lot of material drdted using an electrodischarge
machine to create cylinders with a diameter of +8.Mhe cylinders were then sectioned

into ~1.25 mm thick disks. Each disk was mechahjigaound using 600 grit abrasive to
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a thickness of ~10Qm. A Gatan dimple grinder was then used to thincimater of the
disks creating a dimple. The dimple was createditmple grinding to ~2@m thickness
in the center using Am diamond polishing paste to a thickness ofué® and down to
~20 um using 1um diamond polishing paste. The dimpled samples wexe ion milled
to electron transparency using a Gatan Duo lon. Miile samples were milled using 6
keV Argon ions at an incidence angle of 10 degreds the center of the sample was

perforated. Once perforated, the foils were thetalsle for characterization by TEM.

3.2.5 Scanning Electron Microscopy (SEM)

The lots of consolidated and heat-treated CP-T0.8B and Ti-0.9B material
were characterized using scanning electron micms¢®EM). The three lots of material
were characterized after being HIPed, extrudedraad-treated. Each lot of material was
characterized after being mounted, ground, polishedl etched. All SEM analysis was
completed using a JEOL field emission microscopthwi Tungsten filament, and a
Sirion field emission microscope, both at 15-20 &®celerating voltage. Qualitative

analysis was completed using a Clemex Vision 3280 image analysis system.

3.2.6 Transmission Electron Microscopy (TEM)

The lots of consolidated and heat-treated CP-TH0.8B and Ti-0.9B material
were characterized using transmission electron asampy (TEM). The three lots of
material were characterized after being HIPed,uebed and heat-treated. Each lot of

material was characterized after being mechaniogtbyund, dimple ground and ion
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milled. All TEM analysis was completed using a PHIE CM200 microscope with a
LaB6 filament and Tecnai TF-20 field emission S/TENth an X-TWIN lens, both

operating at 200 keV accelerating voltage.

3.3 Results
3.3.1 Chemical Analysis

Chemical analysis was performed on the consolidatedmercially pure (CP)
titanium, Ti-0.8B and Ti-0.9B material. The targeimpositions were Grade 4 CP-Ti
material with 0.0, 0.8, and 0.9 wt.% boron. Table shows the composition of the three
lots of consolidated material. The specificatiomposition maximums for Grade 2 and
Grade 4 CP-Ti are also included in Table 3.1 fomparison. The oxygen and iron
concentrations for the consolidated CP-Ti were 036 and less than 0.01 wt.%,
respectively. The oxygen and iron concentrationstlie consolidated Ti-0.8B and Ti-
0.9B ranged from 0.61 — 0.66 wt.% and less tharl 0nM@.%, respectively. The
consolidated Ti-B material had 0.36 — 0.42 wt.% enoxygen and the same amount of
iron than the CP-Ti. It was observed that as therdevels were increased, the oxygen
levels increased. The consolidated Ti-B materiab dlad increased levels of chlorine
ranging from 0.04 — 0.05 wt.% in comparison to 0w’ for the CP-Ti material. The
two lots of consolidated Ti-B material also cont&grnirace amounts of sodium, nickel,
hydrogen and carbon, which are all below maximumtypical Grade 4 CP-Ti material.
The concentrations of nickel, hydrogen and nitroggene comparable for all three lots of

consolidated material.
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CP-Ti" | Ti+0.8wt.%B" | Ti+0.9wt.%B" | CP-Ti Grade 2* | CP-Ti Grade 4**
Ti Balance Balance Balance Balance Balance
O 0.250% 0.615% 0.665% 0.2% max. 0.4% max.
B - 0.725% 0.765% - -
Fe 0.003% 0.002% 0.003% 0.3% max. 0.5% max.
Na 0.055% 0.006% 0.007% 0.1% max. 0.1% max.
Cl 0.012% 0.040% 0.049% 0.1% max. 0.1% max.
Ni 0.002% <0.001% 0.002% 0.1% max. 0.1% max.
C 0.021% <0.005% <0.005% 0.08% max. 0.08% max.
H 0.007% 0.008% 0.009% 0.0150% max. 0.0125% max.
N 0.007% 0.006% 0.008% 0.05% max. 0.05% max.

# Consolidated CP-Ti, Ti-0.8B and Ti-0.9B produdexn the Armstrong process powder.
* Grade 2 CP-Ti chemistry per AMS4902.
** Grade 4 CP-Ti chemistry per AMS 4901.

Table 3.1.Chemical composition of commercially pure (CPariium, Ti-0.8B and Ti-

0.9B consolidated material. Chemistry of typicaheentional Grade 2 and Grade 4 CP-
Ti are also included for comparison.
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3.3.2 X-Ray Diffraction

X-ray qualitative phase analysis was performedhendonsolidated Ti-0.8B and
Ti-0.9B material. Figures 3.1(a) and (b) showsitttensity versus phase angle from the
diffraction scans for the Ti-0.8B and Ti-0.9B maé&r respectively. The crystal
structure(s) of the phases in the Ti-0.8B and 9BO.material were identified as
hexagonal close packed (HCP) and orthorhom¥iy diffraction confirmed the crystal

structures of thet (HCP) phase and TiB (orthorhombic) phase.

3.3.3 Scanning Electron Microscopy (SEM)

CP-Ti, Ti-0.8B and Ti-0.9B material are shown imgliies 3.2 - 3.7 after being
HIPed, extruded and heat-treated. The CP-Ti hadceostructure consisting af grains
slightly elongated in the extrusion direction (Fig8.2 - 3.3). The averagegrain size
was ~5.0um with an aspect ratio of ~1.3 to 1. In additionath-like substructure was
observed within ~20% of the grains as shown in Figures 3.2 and 3.3. A limited
amount, less than 5%, of porosity was observetarconsolidated material.

The Ti-0.8B and Ti0.9B had a microstructure comsistof o grains slightly
elongated in the extrusion direction with TiB laeditato/o grain boundaries and within
o grains (Figures 3.4 - 3.7a - ¢). The averaggrain size for Ti-0.8B and Ti-0.9B was
~2.0um with an aspect ratio of ~2 to 1, and ~urd with an aspect ratio of ~1.5 to 1,
respectively. The TiB was observed to be eithecljmr rod-shaped and was located at
both a/a. grain boundaries and within the grains. The blocky TiB at the grain
boundaries had an average size of (t2m0and 1.5um) for Ti-0.8B and Ti-0.9B, both
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Figure 3.1.X-ray qualitative phase analysis of consolida&dT{-0.8B, and (b) Ti-0.9B
material.
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Figure 3.2.Micrographs of transverse cross-section of codatd#d and heat-treated
commercially pure (CP) titanium.
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Figure 3.3.Micrographs of longitudinal cross-section of cdidaied and heat-treated
commercially pure (CP) titanium.
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Figure 3.4.Micrographs of transverse cross-section of codatdéd and heat-treated Ti-
0.8B. Extrusion direction is into plane of paper.
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Figure 3.5.Micrographs of longitudinal cross-section of cdidaied and heat-treated
Ti-0.8B. Extrusion direction is parallel to width paper.
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Figure 3.6.Micrographs of transverse cross-section of codatdéd and heat-treated Ti-
0.9B. Extrusion direction is into plane of paper.
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Figure 3.7.Micrographs of longitudinal cross-section of cdidaied and heat-treated
Ti-0.9B. Extrusion direction is parallel to width paper.
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with an aspect ratio of ~1 to 1. The rod-shaped JaRicles at the/a grain boundaries
and within thea grains for the Ti-0.8B and Ti-0.9B material wer@.50 - 2.00um in
length and ~0.05 - 0.20m in width; and ~0.50 - 1.00m in length, ~0.10 - 0.20m in
width, respectively. Unlike the CP-Ti material, porosity was observed in the Ti-0.8B
and Ti-0.9B material. The total volume fractionbdbcky and rod-shaped TiB in the Ti-
0.8B and Ti-0.9B material was ~10% and ~15%, resypedy.

In addition to the finer TiB distributed throughadire Ti-B materials, there were
randomly distributed areas similar in contrast B {Figures 3.4 - 3.7d - f). These areas,
however, were determined to have titanium and ngtkeoron present. Therefore, these
regions were not TiB stringers. These regions vaéigned along the extrusion direction
with coarsen grains adjacent to the stringers. The size ofélg@ons for the Ti-0.8B and
Ti-0.9B material were 20 - 43@m in length and 5 - 44m in width, and 50 - 53am in
length and ~5 - 6@m in width, respectively. The grains adjacent to these regions for
Ti-0.8B and Ti-0.9B were ~8.0m with an aspect ratio of ~1.2 to 1, and ~o@ with an

aspect ratio of ~1.2 to 1, respectively.

3.3.4 Transmission Electron Microscopy (TEM)

The CP-Ti, Ti-0.8B and Ti-0.9B material was chagesicied after being HIPed,
extruded and heat-treated (Figures 3.8 - 3.IB& CP-Ti material consisted afgrains
slightly elongated in the extrusion direction. Idddion, ana lath substructure was
observed within the grains as shown in the bright field micrograph$igure 3.8. The
grains were confirmed to be the(HCP) phase based on the electron diffractiorepadt
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Figure 3.8.Bright field scanning transmission electron micaysy (STEM) micrographs
of cross-section of consolidated and heat-tread@shaercially pure (CP) titanium.
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Figure 3.9.Bright field transmission electron microscopy (TEMicrographs showing
(a) HCP crystal structure of grains, and overall dislocation structure of cdoidsded
and heat-treated commercially pure (CP) titanium:af02 (b) bright field, (c) dark
field; g = 1010 (d) bright field, (e) dark field.
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Figure 3.10.Bright field scanning transmission electron micagsy (STEM)
micrographs of cross-section of consolidated arad-treated Ti-0.8B. Micrographs show
TiB in longitudinal direction.
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Figure 3.11.Bright field transmission electron microscopy (TEMicrographs showing

(a) orthorhombic structure of TiB, and overall destion structure of consolidated and

heat-treated Ti-0.8B: g = 0002 (b) bright field) ¢@rk field; g = 1010 (d) bright field, (e)
dark field. Micrographs show TiB in longitudinalréelction.
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Figure 3.12.Bright field scanning transmission electron micagsy (STEM)
micrographs of cross-section of consolidated arad-treated Ti-0.9B. Micrographs show
TiB in transverse direction.
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Figure 3.13.Bright field transmission electron microscopy (TEMicrographs showing
(a) HCP crystal structure of grains, and overall dislocation structure of cdidsbed
and heat-treated Ti-0.9B: g = 0002 (b) bright figlt) dark field; g = 1010 (d) bright

field, (e) dark field. Micrographs show TiB in trarerse direction.
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(Figure 3.9).Even with a high extrusion ratio, thegrains had a very low dislocation
density due to the post-extrusion heat treatmenealing out most of the dislocations.
The dislocations were observed td be a type ang weappearance.

The Ti-0.8B and Ti-0.9B material consistedeofyrains slightly elongated in the
extrusion direction with TiB located afa grain boundaries and withon grains (Figures
3.10 - 3.13) As with the CP-Ti material, a very low dislocatidansity was observed in
thea grains from plastic deformation during the extomsprocess. The dislocations were
observed to have a and c type slip character and wa appearance. Based on the
published literature and morphology of the dislamst, they are most likely a and ¢ + a
type. The TiB was blocky ai/a. grain boundaries, specifically the triple poirdgad rod-
shaped at both/a grain boundaries and within grains. The blocky and rod-shaped TiB
varied in size with fine intergranular rod-shape@& That was not resolvable with the
SEM, but was observed using the TEM. Electrorration pattern analysis confirmed
the crystal structures of the (HCP) phase and TiB (orthorhombic) phase (Figures
3.11a,b and 3.13a,b for 0.8 and 0.9 wt.% boromees/ely). The TiB exhibited a heavy
degree of faulting which is not unexpected as itaistopologically close-packed

structuré®® No reaction products were observed atcte TiB interfaces.

3.4 Discussion
3.4.1 Commercially Pure (CP) Titanium Microstructure
The commercially pure (CP) titanium, Ti-0.8B andO%B powder produced

using the Armstrong process was subsequently H&edyded and annealed.
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(b)©
Figure 3.14.Comparison of microstructures observed for (a)eotionally processed

commercially pure (CP) titaniuff¥!, and (b) CP-Ti from consolidated and heat-treated
Armstrong powder.
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Figure 3.14 shows a comparison of a typical micunstire observed for CP-Ti along
with CP-Ti material produced from Armstrong powd€&he microstructure of the CP-Ti
material, from consolidated and heat-treated Aromgfr powder, exhibits slightly
elongateda. grains with ~20% of those grains having anlath substructure. The
elongated grains and substructure are believedave formed as part of the extrusion
process. The powder was consolidated and workemiwvbitle § transus in the HIP and
extrusion processes. The HIPing process producessantially fully dense product with
an equiaxedo grains. The material was then extruded at a ratidO to 1. The
unidirectional structure deformation during extamsicaused thex grains to become
elongated in the extrusion direction.

In CP-Ti, the ductile behavior of thephase is the result of twinning deformation
in addition to conventional slip by dislocationsowtver, oxygen has been reported to
suppress the propensity for twinnifig*” Since the oxygen concentration is 0.25 wt.% in
the material being studied here, it is not surpgsihat twinning was not observed. In
addition, ana lath substructure was observed in a low volumetifsa of thea grains.
The formation of this substructure has not beeronted before. The substructure is
considered not to influence the mechanical behawfothe material due to the low
volume fraction, non-uniform and widely spaced. rEfigre, detailed analysis of this

feature is not germane to the main objectives isfdtudy.

138



3.4.2 Titanium-Boron Alloy Microstructure

The Ti-B material was similar to that of CP-Ti witihe exception of the
dispersion of TiB. The Ti-B material also did n@ve theo lath substructure within the
o grains, and no twinning was observed as would Bpeaed with oxygen
concentrations greater than 0.6 wt.%. The Ti-B ni@tbad elongated. grains with rod-
shaped and blocky TiB at thda grain boundaries and within tlhegrains. The volume
fraction of TiB in the Ti-B material was ~10% anti5% TiB for 0.8 wt.% and 0.9 wt.%
boron, respectively. These values disagree withdher rule and titanium-boron phase
diagram, as they are 2 times that which is predictdis difference is believed to be due
to the high oxygen concentrations possibly influegdhe lever rule with respect to the
published phase diagram or making the alloys méra ternary system rather than a
binary system.

As with the CP-Ti material, the Ti-B powder was solidated and worked below
the B-transus in the HIP and extrusion processes. Theinigl process produces a
consolidated product with a microstructure consgtdf TiB particles and equiaxed
grains, which were finer in grain size than the TGPAIl processes mentioned in
literature follow the Ti-B phase diagram such th& forms during solidification from
liquid to solid. The Armstrong process does noatganolten titanium or titanium alloy.
Instead, the Ti-B alloy rapidly forms from the vagahase with the boron in solution in
the o phase. During the HIPing process, the powder nahtbad TiB precipitate out
from the supersaturated solution creating a nofeumi distribution of TiB in thea

matrix. The formation of the TiB directly from the phase is a unique and interesting
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result. This has only been reported in literatuyeBanerjee et &% in producing Ti-B
alloys using the LENS process. They observed that the TiB precipitateidod the o
phase forming nano-TiB from the supersaturatedtismiuThe nano-TiB precipitated out
during the subsequent passes of the laser ovecah&olidated powder after the prior
formation of coarser TiB and the titanium matrixogl on prior passes of the laser.
Therefore, it is unlikely that the material proddd®y the Armstrong process will exhibit
the same mechanisms for formation of TiB in thanilim matrix as those in published
literature. This makes direct comparisons betwdmnpresent results and those in the
literature difficult.

The non-uniform distribution of TiB is believed be due to the inhomogeneous
distribution of boron in the titanium powder in thexperimental runs using the
Armstrong process. In these experimental runspjitears that the titanium and boron
chlorides may not have been completely mixed. Eseerthe mixing is likely better than
that produced by mechanically alloyed powt&rd! or in blended elemental powdéfs
1 In those processes, the amount and size didtibof titanium and TiB powder can
be controlled to ensure that titanium and diborée in contact to ensure sufficient
amounts of each for diffusion to create a uniforistribution of TiB. The Armstrong
process entails the mixing of titanium and borologtes in the vapor form in a reactor.
If the mixing were not completely homogeneous, theron-uniform distribution of TiB
particles would be expected. Unlike other powdearcpsses, the local concentration of
boride is set during the formation of the powded aont controlled during the packing of
powders as in mechanically alloyed or blended eflgai® The combination of the

inhomogeneous concentrations of boron, and theddndiffusion rate of boron i
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titanium, leads to the non-uniform distribution loéron and subsequently TiB in the
consolidated material.

The morphologies of the TiB observed in the Ti-Btemial can also be explained
based on the difference in local concentrationisoobn along with the crystal structure of
the TiB. Bhat et df? and Sahay et & have shown the morphology of the TiB depends
on the local boron concentration or volume fractdTiB. They have shown that if the
boron concentration is hypereutectic with respec¢heé Ti-B phase diagram, than the TiB
morphology tended to be rounded, blocky and closequiaxed while hypoeutectic TiB
morphology tended to have a higher aspect rationaedle-like in appearance.

The TiB morphology in the Ti-B material, from thermstrong powder, was
attributed to the diffusion rates, local concemdraiof boron and titanium, and grain and
crystallographic restrictions i titanium. The TiB in the Ti-B material was confiegh to
have an orthorhombic crystal structure, which isiststent with other published
work 4% The TiB orthorhombic structure is formed by clgseking of trigonal prisms
only in one direction, forming columns with a rewjalar base with the central chain of
boron atoms oriented in the [010] direction of thgstal™ The rate of the one-way
diffusion of boron along the [010] direction hasheaeported as being much higher than
that of the opposite diffusion of titanium in Ti&:>® This enhanced diffusion rate as well
as the arrangement of the boron atoms in the [@l@]ction would suggest that the
growth rates of the TiB in the [010] are largerdatiee to the [100], [101], and [001]
directions®*** The growth rate of TiB in the axial direction bgihigher than that in the
transverse direction(s) of the TiB explains theidgphigh aspect ratio of the TiB. This

accounts for the formation of the rod-shaped TiBsestded along thex/ow grain
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boundaries and within the grains. The different size scales for the rod-sdapiB are
most likely related to the local concentration adrdn (from the original powder
aggregate boron concentration), and grain and alkygtaphic restrictions. The local
concentration of boron is essentially the only Ibopoesent for the formation of TiB in
the o grains since the diffusion of boron éntitanium is limited. In addition, since the
TiB precipitates out of the. phase, there will be crystallographic restrictiddased on
the orientation relationships between the TiB anghase (like that between theandf3
phases i+ andp titanium alloys). For the rod-shaped TiBddtx grain boundaries,
the enhanced diffusion rates along the grain baueglassist in providing additional
boron thus forming coarser TiB at the grain bourmarwhich is consistent with that
reported by Feng et &f! The grain boundary rod-shaped TiB will also berieted by
thea grains already present and crystallographic kiatip of the TiB and. phase. The
presence of the grains likely limits the available area for theBTio form at theo/a
grain boundaries. Therefore, the size and morplyotddriB at the grain boundaries is
dependant on the grain structure. As with the graular TiB, the grain boundary TiB
size and morphology of TiB will also be dependenttie crystallographic restrictions
from the orientation relationships possible betwienTiB ando. phase.

The blocky morphology of the TiB at th®@a grain boundaries, including the
grain boundary triple points, would likely be dwethe increased diffusion rates of boron
to the TiB along thed/a grain boundarid¥” | and grain restrictions. The higher diffusion
rates along the/a grain boundaries would allow for more diffusionbadron to the TiB
and in the axial and transverse directions of thi& Thus, forming blocky TiB with a
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lower aspect ratio than the rod-shaped TiB. In talti the size and morphology of the
TiB will also be restricted by the grains, especially at grain boundary triple pgiatsd
by crystallographic relationships as with the rbdysed TiB at grain boundaries.

There were regions in the material that had alaimobntrast to that of the blocky
and rod shaped TiB. These regions were originaheled to be TiB stringers but after
Gatan image filtering transmission electron (FTEMgalysis was completed on the Ti-B
material it was determined there was no boron pteisethese regions. Titanium was
observed in these regions with the regions beingamly distributed. These boron lean
regions are most likely due to non-uniform chemuistribution in the powder. These
regions are believed to have elongated or aligragdllel to the extrusion direction in a
similar manner as the grains were elongated. In addition to the regiogisg elongated
or aligned, the extrusion process caused the ragexhTiB to become aligned parallel to
the extrusion direction. This alignment of congitiphases due to extrusion is similar to
that in aluminum alloys where iron-manganese ama-ahromium-manganese phases are
aligned in the extrusion directicty’

Several other processes have been used to protiream alloys with boron and
have shown similar results to that of the Armstrgmgduct®®®¥ Yolton and Molf*!
examined a prealloyed Ti-6Al-4V-XB alloy with 0.92:2 wt.% boron produced by gas
atomization. The material, after HIP, extrusion ahdat treatment, produced a
microstructure with a mixture of relatively finel(~ 2 um) and coarser (~2pm) TiB
with high aspect ratios (~15 to 1) and the TiB radid parallel to the extrusion direction.
This work is also consistent to other published kwproduced using other powder

metallurgy method®'. Banerjee et af®! examined a Ti-2B alloy melted and cast in a
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laboratory arc-melter and also produced using tEN$®" process. The arc-melted
material had primary TiB particles that were ~2Q00 um in size and exhibited a
faceted, equiaxed morphology. The eutectic TiBiglag were smaller and exhibited an
acicular morphology with diameters of nin and lengths of ~10 - 20m. Similar results
were reported by Philliber et &% for ap-titanium alloy, Ti-17Mo, that was arc-melted
and heat-treated, and by Tsang €f%hlusing self-sustained high temperature synthesis
(SHS) to melt titanium-boron alloys ranging from-515 wt.% boron. The LENS
process produced primary TiB particles that were+in in size and exhibited an
equiaxed morphology. The eutectic TiB particlesikitdéd an acicular morphology with
an average length of ~2.6n and aspect ratio of ~7 to 1. Teegrain size for all of these
works was not published and therefore no compaisoid be made.

The major difference between the Armstrong prodaad all other processes
discussed in the published literature is the preser the TiB stringers. The rod-shaped
and blocky TiB obtained in the Armstrong productswejuivalent to or finer than the
primary and eutectic TiB produced by all other gsses. The microstructure of the
Armstrong product is most similar to that of theNE  product as the morphologies of
the TiB are very similar, which suggests that thechanisms of formation may be
similar. One major difference though is the LENSocess melts the powder and rapidly
solidifies from liquid to solid while the Armstron@rocess does not melt the powder but
the titanium and boron rapidly forms from the vapbase. Therefore, it is unlikely that
these processes will have the same mechanism@romafion of TiB and the titanium

matrix. A review of all the processes used to @d#tanium alloys containing boron
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show there is no published work on producing thaeys from a vapor to a solid

(powder in this case) with a supersaturated saiugidooron.

3.4.3 Commercially Pure (CP) Titanium and Titanium-Boron Alloy Strengthening

The CP-Ti, Ti-0.8B and Ti-0.9B have a finergrain size than typical CP-Ti
material. The increase in boron concentrations shaviurther decrease in thegrain
size of the material. The fine dispersion of TiB ka&s the alloy more resistant to
recrystallization ando grain growth than CP-Ti. According to the Hall-¢tet
relationshiff*®® the finera grain size in the Armstrong product will incredke yield
strength of the final product. The CP-Ti materiahbwed some porosity which most
likely is due to the higher levels of sodium as ¢leEments are known to cause porosity in
material produced from consolidated powfé!. The limited porosity in this material
could lead to a reduction in the mechanical propgrespecially the fatigue strength of
the material®®®”! No porosity was observed in the Ti-B material, attis consistent with
the sodium and chlorine levels being lower thanGReTi material.

The TiB in the titanium matrix is intended to besaurce for dispersion
strengthening. The TiB will act as barriers impgdthe motion of dislocations through
the o titanium matrix. The motion of the dislocationdiviie impeded thus producing a
large amount of strain hardening of the materidil time dislocations either bypass or cut
through the TiB. Estimates of the amount of streaging due to the fine dispersion of
the TiB can be obtained using the Orowan equéticas follows:

At=G&b
| [4.1]
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where G is the shear modulus, b is the burgerokeand | is the spacing between TiB.
This relationship assumes the TiB are sphericalrbtiie case of the Armstrong product,
the TiB is more rod shaped. These morphologies haen found to provide twice the
amount of strengthening in comparison to sphepaaticles®

The chemistry of CP-Ti, Ti-0.8B and Ti-0.9B ma#trias with other non-heat
treatable grade titanium alloys, is an importanttda on the microstructure and
subsequently the properties of the final prodube Ti-B material had higher amounts of
oxygen and chlorine with lower amounts of sodiurd aarbon. The higher amounts of
oxygen will provide a significant amount of stremgiing in addition to that from the
addition of boror’®"® At oxygen concentrations greater than 0.25 wt.9€mTi, the
slip mode has been shown to be planar rather tlaay 4" This transition in slip mode
has been attributed to the significant reductionhef resolved shear stress in the active
slip planes as a form of strain localization. Whlst al’” proposed, and Weissmann and
Shriet’® have shown evidence that this transition is coteteto some form of short-
range ordering of oxygen in the lattice which provides strengthening of the CP-Ti
material. The concentrations of iron, nickel, hygkn and nitrogen were similar between
the material with and without boron. Therefore, aifyerence in the microstructure or
properties between the CP-Ti, Ti-0.8B and Ti-0.9Btenial would not be due to these

elements.
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3.5 Conclusions

The Armstrong process was used to produce comniigrpiae (CP) titanium, Ti-
0.8B and Ti-0.9B powder. The powder was HIPed,usldd and annealed in order to
understand the effect of boron additions on theresicucture of the final product. The
microstructures of the consolidated and heat-tded@®-Ti and Ti-B material was
analogous to that observed by other processestasgdate CP-Ti and Ti-B alloys. The
CP-Ti material had a finex grain size elongated in the extrusion directimnglwith an
o lath substructure, which has not been reporteguhlished literature. The Ti-B
material had a finer grain size than CP-Ti and had rod shaped TiBx/at grain
boundaries and within the grains, blocky TiB at/a grain boundaries and TiB stringers
randomly distributed. The microstructure of theBlmaterial was believed to have the
TiB formed first, based on the limited solubility lboron in titanium, and the. grains
forming there after. The morphologies and distidrutof the TiB was attributed to the
inhomogeneous concentrations of boron from the maxgatal runs of Armstrong
processed powder, the limited diffusion of boronairtitanium and the orthorhombic
structure of the TiB. The TiB particles locateduéd grain boundaries were observed to
be coarser and in some cases blocky due to theneathaliffusion rates of boron along
thea/a grain boundaries. The chemistry of the consoldiated heat-treated Ti-0.8B and
Ti-0.9B material was found to have high levels gygen while the CP-Ti material had
an oxygen concentration similar to that of typiGahde 2 CP-Ti material. The oxygen
levels should provide all three materials soliduoh strengthening. The TiB produced a

finer o grain size that should provide additional streegthg over that of the already
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fine o grains for the CP-Ti material. In addition, thelrshaped TiB are intended to
provide dispersion strengthening in addition to thalid solution and grain size
strengthening. The non-uniform distribution of th#8 was likely due to incomplete
mixing of the chlorides during the experimental suto produce the powder.
Improvements in the chloride mixing will likely ldrto a more homogeneous distribution

of TiB.
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CHAPTER 4

STRENGTHENING OF CP-TI DUE TO THE ADDITION OF BORON

4.1 Introduction

The influence of boron additions on processing, rastucture, physical and
mechanical properties of various titanium alloys baen investigated since the 1950’s.
However, only during the past 25 years has bor@m lzelded to titanium alloys with the
intent of creating specific microstructures and hagtcal properties for several niche
applications. The addition of significant concetitnas of boron to titanium alloys can
create a stronger alloy with the original titanialtoy as the matrix phase and TiBs a
dispersed phadt!® The presence of the dispersed phase enhanceshyisiea and
mechanical properties including the tensile anigfi&t strengths as well as the wear
resistance of the boron containing alloys with duion in the ductility as compared to
the original titanium alloy/:%:1214.15.17-19]

Physical properties are often called structusemsitive because they depend on
composition, temperature and crystal structureniotiton grain size, hot or cold working
and heat treatment history of the material. Thisnissharp contrast to mechanical
propertied®® The TiB particles have a similar coefficients bftmal expansion but

different elastic modulus as the titanium alloy trxareducing the potential for
154



undesirable interfacial stresses or strains dueifferences in the elastic modulus, but
that could cause early failure of the alloy (Tadlg). Also, since the interfaces between
the TiB and titanium matrix are “clean” and thernmoeamically stable upon formation of
the TiB, the potential for undesirable interfacstilesses or strains are eliminated. The
refined microstructure also has little to no effentphysical properties, as grain size has
not been shown to have an influence on physicaieties?® Therefore, the presence of
the TiB and refined microstructures have a nedigeésfect on the physical properties of
the titanium alloy with boron except with elastiodulus*®, which increases because of
the stiffer TiB particles.

As a general rule, the microstructures obtainedutin the addition of boron to
titanium alloys increase room and elevated temperastrength®'**517 stiffness
(elastic modulu$y®** fatigue strengtfl, creep resistante'®, hardnedd®, and wear
resistancé™ while having a decrease in ductifit§>'“ as compared to the titanium alloy
without boron additions. Table 4.1 shows a samptihgpom temperature tensile, wear
and physical properties of commercially pure (GRnhtum, TiB, Ti-6Al-4V and Ti-6Al-
4V with boron. Several authors have demonstratatirttechanical properties, including
tensile and fatigue strengths, of these alloys iafleenced not only by the percent
addition of boron but also by the form (equiaxedriples or continuous and
discontinuous needlike particles), distributiond arientation of the TiB formed in the
material™® The refined microstructure of the matrix phase BE® been shown to
increase the yield strength and fatigue strengtlthef Ti-B. However, the traditional

trade-off between yield strength and ductility lsceobserved such that the
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Coefficient

0.2% [ Ultimate
of Thermal | Elastic Yield Tensile
Density| Expansion | Modulus | Strength | Strength [ Elongation | Wear Loss
(Ib/in®) (1/K) (Msi) (ksi) (ksi) (%) (Ibfin)
o Titanium [ 0.165 | 8.6x 10° 15.9 69.6 79.7 15 | -
TiB compound | 0.164 | 7.15x 10° [52.8-79.8] - [ - | o |
Ti-6AlI-4V | - | - 16.8 129.1 139.9 14 0.0062
Ti-6Al-4V/TIB | -— [ = - 18.6 156.6 1754 1.3 <5.6 x 10

Table 4.1.Room temperature tensile, wear, and physical ptiegeof commercially pure
(CP) titanium, TiB, Ti-6Al-4V, and Ti-6Al-4V with bron!?>*4
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ductility is decreased with an increase in yiel@sgth. Since the refined microstructure
is due in part to the presence of the TiB duriags$formation of the matrix, the influence
of each microstructural feature on mechanical ptggee is not well understood. The
combined influence of TiB particles, fine grain mpatand alloy composition on
strengthening and deformation mechanisms for varjmocessing methods constitutes
the majority of published literatuf&®

The addition of boron to titanium alloys has beesil Wocumented to increase the
tensile and fatigue strength. The detailed origoshghis strengthening have not been
identified. The main objective of this researchiasbetter understand the strengthening
mechanisms associated with the addition of boratitanium alloys. The microstructure
and mechanical properties are examined using CH410,8wt.%B and Ti-0.9wt.%B
alloy powders produced using the Armstrong procéle.composition, constitution, and
phase morphology of the constituents will be exauito determine the strengthening

associated with each.

4.2 Materials and Methods

The consolidated and heat-treated commercially fOR) titanium, Ti-0.8B and
Ti-0.9B powder mentioned in Chapter 3 was the isigrtnaterial for this part of the
study. As mentioned in Chapter 2 and 3, the borontaining powders that were
consolidated and heat-treated and used in thiy stede the first process runs to attempt
to alloy titanium with boron using the Armstrongpess.

All test specimens were made from each of the thwese of consolidated and

heat-treated material for tensile, notched fatigaled fatigue crack growth property
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measurement except Grade 4 CP-Ti was used in ticbatwfatigue testing. The Grade 4
CP-Ti material used in the notch fatigue testing wanventional bar stock Grade 4 CP-
Ti material. Each lot of material was sectionedhgsa Struers Labotom-3 SiC cutting
wheel. The Ti-6-4 can material was removed usingebattro-discharge machining

(EDM). Sections were removed from the longitudiceter of the consolidated and heat-
treated material with the test specimen bars b&ikgn along the cross-sectional center.
The specimens were machined with the loading aaisallel to the extrusion direction.

After final machining, all specimens were low ssregound to eliminate any surface

residual stresses due to material processes anumrag

4.2.1 Tensile Testing

Tensile specimens were made and tested from eackheofthree lots of
consolidated and heat-treated material for tensitperty measurement. The tensile bar
specimen geometry is shown in Figure 4.1. The spats were nominally 2 in. in length
with a gage diameter of 0.160 in. Tensile testirag wompleted at room temperature in
accordance with ASTM E8 (Tension testing of MetaMaterials). According to ASTM
specifications, once the 0.2% vyield strength ished the extensometer may be removed
and the test switched from strain control to cresshdisplacement control. This was the
procedure followed for all tensile tests reportedhis study. The strain rate up to around
2% total strain was 0.005 in./in./min., and thessteead displacement rate after the
extensometer removal was 0.03 in./min. All specisneere tested using servo-hydraulic

Instron test machines.
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Figure 4.1.Room temperature tensile test bar geometry.
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The hardening rates and strength coefficients (emud.1) for the consolidated
material was determined from the strain levels.2¥0yield strength to ~2% total strain.
This was because the strain rate for these tests the strain levels at 0.2% vyield
strength to ~2% total strain was 0.005 in./in./nand was changed to 0.03 in./min. from
~2% total strain until failure. The hardening ratdsthe consolidated material were
determined by linearly fitting a line to the logiér stress — log true strain curve with the
slope being the strain hardening rate.

Strength coefficients e ategye = 1.0% [4.1]

4.2.2 Fatigue Testing

Notched fatigue specimens were made and tested éawh of the two lots of
consolidated and heat-treated Ti-B material and/eotional Grade 4 CP-Ti bar stock for
fatigue property measurement. The fatigue specigemetry is shown in Figure 4.2.
The specimens were nominally 2 in. in length witbage diameter of 0.226 in. Fatigue
testing was completed at room temperature, R-rati6.05 (A-ratio = 0.90), and a
frequency of 30 hertz in accordance with ASTM E4&bnstant Amplitude Axial
Fatigue Test of Metallic Materials). The fatigusttbars had a notch in the gage section
creating a K= 1.70 such that any contaminants from the pracgssould not cause a
low failure and allowing for a true test of the eals fatigue capability. All specimens

were tested using servo-hydraulic Instron test nm&shoperating in load control.
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4.2.3 Fatigue Crack Growth Testing
Crack growth specimens were made and tested frah ehthe three lots of

consolidated and heat-treated material for crackwtr testing. The fatigue specimen
geometry is shown in Figure 4.3. The specimens weneinally 1.78 in. in length with a
gage section width and thickness of 0.180 in. a0@®in., respectively. Crack growth
testing was completed at room temperature, R-rati6.05 (A-ratio = 0.90), and a
frequency of 20 cycles/min. in accordance with ASEB47 (Constant Load Amplitude
Fatigue Crack Growth Rates above®l@/cycle). The fatigue test bars had a 0.01 in.
crack starter notch in the gage section. All speasnwere tested using servo-hydraulic

Instron test machines.

4.2.4 Compression Testing

Compression specimens were made and tested from afathe three lots of
consolidated and heat-treated material for chanaateon of material deformation. The
compression specimen geometry is shown in Figutehe specimens were nominally
0.80 in. in length with a hexagonal cross- sectath a total diameter of 0.40 in.
Compression testing was completed at room temperatua total strain ranging from
5% to 10%. All specimens were tested using sendrduylic Instron test machines. Each
compressed specimen was then sectioned, grounéandilled to create transmission

electron microscopy (TEM) foils for deformation cheterization.
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4.2.5 Scanning Electron Microscopy (SEM)

Fractures of the tensile, fatigue and crack grdvets for the three lots of material
were characterized using scanning electron micps¢®EM). All SEM analysis was
completed using a JEOL field emission microscopl @iTungsten filament at 20 kV

accelerating voltage.

4.2.6 Transmission Electron Microscopy (TEM) Metallography

Transmission electron microscopy (TEM) foils werada from each of the three
lots of consolidated and heat-treated material cesgion tested for characterization of
material deformation. Each tested specimen wakedrilsing an EDM to create cylinders
with a diameter of ~3 mm and subsequently section@d~1.25 mm thick disks. Each
disk was mechanically ground using 600 grit abeagdiv a thickness of ~100m. A
Gatan dimple grinder was then used to thin theerasftthe disks creating a dimple. The
dimple was created by dimple grinding to ~2@ thickness in the center usinguén
diamond polishing paste to a thickness of 68 and down to ~2Qum using 1um
diamond polishing paste. The dimpled samples wéen tion milled to electron
transparency using a Gatan Duo lon Mill. The samplere milled using 6 keV Argon
ions at an incidence angle of 10 degrees untilcérger of the sample was perforated.
Once perforated, the foils were suitable for chiaréming the deformation structures by

TEM.
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4.2.7 Transmission Electron Microscopy (TEM)

The three lots of consolidated and heat-treatecemahtthat were compression
tested were characterized using transmission electricroscopy (TEM). The three lots
of material were characterized after being HIPattuded, heat-treated, and compression
tested. Each specimen was characterized after besehanically ground, dimple ground
and ion milled. All TEM analysis was completed gse PHILIPS CM200 microscope
with a LaB6 filament and a Tecnai TF-20 field ernoasS/TEM with an X-TWIN lens,

both operating at 200 keV accelerating voltage.

4.3 Results
4.3.1Tensle

Room temperature tensile testing was performedheronsolidated and heat-
treated commercially pure (CP) titanium, Ti-0.8Rlan-0.9B material. The 0.2% yield
strength, ultimate tensile strength, ductility,uetion of area, and stress-strain curves

were obtained for CP-Ti, Ti-0.8B and Ti-0.9B maaéri

4.3.1.1 Tensile Testing

Figure 4.6 shows the 0.2% yield strength and ulint@nsile strength (UTS) as a
function of boron concentration. The minimum strasgor Grade 2 and Grade 4 CP-Ti
in conventional form are also included in Figur® far comparison. The UTS and 0.2%
yield strength for the consolidated and heat-te&P-Ti, Ti-0.8B and Ti-0.9B material,
ranges from 88.5 — 170.5 ksi (610 — 1175 MPa) &8 6 148.0 ksi (450 - 1020 MPa),

respectively. An increase of 11% in UTS and de@ed$% in 0.2% yield strength was
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Figure 4.5.Room temperature ultimate tensile strength, 0.286l wtrength, elongation,

and reduction of area for consolidated and heatececommercially pure (CP) titanium,

Ti-0.8B and Ti-0.9B powder. *No published Grade R-Ti minimum reduction of area
requirement.
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observed between typical Grade 4 CP-Ti and theflétrmstrong CP-Ti material. UTS
increased up to ~90% with the addition of up to\Wt®%6 boron to titanium material. An
increase in 0.2% yield strength of ~125% was oltwvith increasing boron addition up
to 0.9 wt.% boron. A linear fit was made througle WiTS and 0.2% yield strength to
obtain an experimental relationship between thsilestrengths and the concentration of
boron added to consolidated and heat-treated CH¥ldse experimental relationships
are:

0.2% Yield Strength (ksi) = (92.757 * wt.% Boronp5%.354 [4.2]

UTS (ksi) = (92.363 * wt.% Boron) + 88.661 [4.3]

These relationships were linear fits of the datdh & values of 0.99 for both the 0.2%
yield strength and UTS relationships.

Figure 4.5 also shows the elongation and redudfarea as a function of boron
concentrations. Minimum ductility values for GrazZland Grade 4 CP-Ti in conventional
form is also included in Figure 4.5 for comparis®he elongation and reduction of area
for the consolidated and heat-treated CP-Ti, TBOa#d Ti0.9B material ranges from
13.5% — 2.7% and 16.0% — 2.9%, respectively. Aessz of 10% in elongation and 46%
in reduction of area was observed between minimuau&4 CP-Ti and the lot of CP-Ti
material. Elongation decreased up to ~80% withrenease in boron concentration up
0.9 wt.%. Reduction of area decreased up to ~80% w&n increase in boron
concentration up to 0.9 wt.%. A linear fit was maleugh the elongation and reduction

of area to obtain an experimental relationship betwductility and the concentration of
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boron added to consolidated and heat-treated CHfi@se experimental relationships
are:
Elongation(%) = (-11.651 * wt.% Boron) + 13.552 4p
Reduction of Area (%) = (-13.887 * wt.% Boron) +.086 [4.5]
These relationships were linear fits of the datthi@ values of 0.97 and 0.94 for the
elongation and reduction of area relationshipgpeesvely.

The true stress — true strain curves as a fundfidd@ron concentration are shown
in Figure 4.6. An increase of ~10% in stiffness waserved for the consolidated and
heat-treated Ti-B material in comparison to the WPaaterial. The hardening rates and
strength coefficients were determined from theistievels at 0.2% yield strength to ~2%
total strain. The strain hardening rates were 000B), and 0.17 for consolidated CP-Ti,
Ti-0.8B and Ti-0.9B material, respectively. Theesiyth coefficients were 66.6 ksi (460
MPa), 139.6 ksi (963 MPa), and 145.8 ksi (1005 Mi@a)onsolidated CP-Ti, Ti-0.8B

and Ti-0.9B material, respectively.

4.3.1.2 Fractography

Typical fracture surfaces of the room temperateresite test bars of CP-Ti, Ti-
0.8B and Ti-0.9B material are shown in Figures 44.9, respectively. The fracture
surfaces of the CP-Ti showed evidence of ductilitth shear lips formed with elongated
fracture features. The elongated fracture feataresmost likely from voids that form at
o/o. grain boundaries and grow by plastic stretchinge Voids ultimately coalesce by
ductile tearing of the ligaments between the vdaming the elongated features. The

crack origin (Figure 4.7a - b) is flat and showssldocal ductility than that of the
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Figure 4.7.Micrographs of tensile fracture surfaces of costéd and heat-treated
commercially pure (CP) titanium powder.

171



Figure 4.8.Micrographs of tensile fracture surfaces of cowsdéd and heat-treated Ti-

8B powder.

0
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Figure 4.9.Micrographs of tensile fracture surfaces of cowsdéd and heat-treated Ti-
0.9B powder.
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propagation area (Figure 4.7c - e), which showsresive local plastic tearing as
described else where as flutes or void tHfledhe reason for the flat fracture features is
due to a lower stress intensity at the crack ori§econdary cracking was observed along
o/a grain boundaries of the fracture surface.

The fracture surfaces of the Ti-B material weresistent and showed evidence of
limited amount of ductility with a flatter fractururface and smaller elongated fracture
features in comparison to the CP-Ti material. Athwhe CP-Ti material, the elongated
features are most likely due to void coalescenbe.finer fracture features are consistent
with the finera grain size of the Ti-B material. The Ti-B matertes a crack origin
(Figure 4.8a — b) that was flat and showed lesalldactility than the propagation area
(Figure 4.9c - e), which shows local plastic tegritsecondary cracking was also

observed along/a grain boundaries of the fracture surface as wésarCP-Ti material.

4.3.2 Fatigue
Room temperature notched fatigue testing was paddron the consolidated and
heat-treated Ti-0.8B and Ti-0.9B material. Fatigtiength as a function of net section

and concentrated alternating pseudostress wasettéor CP-Ti, Ti-0.8B and Ti-0.9B.

4.3.2.1 Fatigue Testing

Figure 4.10 shows the net section alternating stvessus life as a function of
boron concentration. Figure 4.11 shows the conatadralternating stress versus life as a
function of boron concentration. Grade 4 CP-Tiamwentional form was also tested and

included in Figure 4.10 and Figure 4.11 for comgmmi The fatigue strength at’10
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0.8B and Ti-0.9B material produced using the Arorsrprocess.
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Figure 4.10.Room temperature net section alternating stresugdife of commercially
pure (CP) Grade 4 titanium conventional materiadi @onsolidated and heat-treated Ti-
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cycles for the Ti-0.8B and Ti-0.9B material is bateater than 30 ksi (207 MPa) net
section alternating and 50 ksi (345 MPa) conceaedralternating, respectively. Fatigue
life of Ti-0.8B material was 5 times greater thgpital Grade 4 CP-Ti at higher stresses
and over 100 times greater at lower stresses. Uealife of Ti-0.9B material was ~35
times greater than typical Grade 4 CP-Ti at higltezsses and over 300 times greater at
lower stresses. A linear fit was made through Higyfie data to obtain an experimental
relationship between the net section and concewtraternating stresses versus life as a
function of boron concentration added to consoédaand heat-treated Armstrong
processed CP-Ti. These experimental relationshigs a
Grade 4 CP-Ti (conventional form):

Log Nt = [Log(oNet section A393.9)]/(-0.2519) [4.6]

Log Nt = [Log(cconcentrated Al669.64)]/(-0.2519) [4.7]
Consolidated and heat-treated Ti+0.8wt.% Boron:

Log Nt = [Log(ONet section A95.415)]/(-0.0775) [4.8]

Log Nr = [LOg(Gconcentrated af162.21)]/(-0.0775) [4.9]
Consolidated and heat-treated Ti+0.9wt.% Boron:

Log Nt = [Log(ONet section A67.35)]/(-0.0308) [4.10]

LOg Nf = [LOg(GCOncentrated A|(114.50)]/( '0.0308) [4.11]

4.3.2.2 Fractography
Typical fracture surfaces of the room temperatatigfie test bars of conventional

Grade 4 CP-Ti and Armstrong consolidated and hreated Ti-0.8B and Ti-0.9B
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Figure 4.12.Micrographs of fatigue fracture surfaces of corieral Grade 4
commercially pure (CP) titanium.
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Figure 4.13.Micrographs of fatigue fracture surfaces of coisded and heat-treated Ti-
0.8B powder.
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Figure 4.14.Micrographs of fatigue fracture surfaces of coisded and heat-treated Ti-
0.9B powder.
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material are shown in Figures 4.12 - 4.14, respelsti The fracture surfaces of the
conventional Grade 4 CP-Ti had the primary cragkatng from the notch root in a
rough and transgranular mode. The primary crackpggated in a smooth and
transgranular mode with serpentine glide marks mvese on the faceted surfaces.
Secondary cracking was observed alongdthlegrain boundaries of the fracture surface.
This propagation mode was consistent over halfftheture surface with a transition to
tensile overload for the remainder of the fractugace.

The fracture surfaces of the TiB material were iest and had the primary
crack initiating from the test bar surface at ttwch root in a flat and transgranular
mode. Unlike the CP-Ti material, there were noatiths or serpentine glide marks
observed most likely due to the fine grain sizenbdihe same size as the propagating
cracks plastic zone size. Secondary cracking wasrgbd alongi/a grain boundaries of
the fracture surface. It is logical to conclude light speckles shown in Figures 4.13 —
4.14 are most likely TiB particles, but there ismethod to identify them in the SEM.
There was no evidence of TiB cracking for any of test specimens. The mode of
propagation transited to ductile tearing consistetit higher stress intensity in the finer

o grain material.

4.3.3 Fatigue Crack Growth
Room temperature fatigue crack growth testing wasfopmed on the
consolidated and heat-treated Ti-0.8B and Ti-O®¥&lic crack growth rate as a function

of stress intensity were obtained for CP-Ti, Ti®anhd Ti-0.9B material.
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4.3.3.1 Fatigue Crack Growth Testing

Figure 4.15 shows the fatigue crack growth rata fasiction of stress intensity
for the Ti-B materials. Grade 2 CP-Ti in convengibform from Adib & Baptist&" was
also included in Figure 4.15 for comparison. Thegtee crack growth rate for the Ti-
0.9B material is 3.5 - 10 times greater than TB0).8ver the range of stress intensities
evaluated. Fatigue crack growth rate of the Ti-Ong&erial was 1.5 - 14 times greater
than typical Grade 2 CP-Ti at stress intensitiegjirag from 10-20 ksiin, respectively.
Fatigue crack growth rate of the Ti-0.9B materiakbwl5 - 50 times greater than typical
Grade 2 CP-Ti at stress intensities ranging fror2Q®&siin, respectively. The Paris law
exponents calculated from the fatigue crack grawitves were ~5 and ~4 for the Ti-
0.8B and Ti-0.9B material, respectively. It shob&noted that the Ti-0.9B material had
a larger crack growth rate in comparison to thafied.8B material, but with a smaller
Paris law exponent. This was an unusual observasamhen a titanium alloy has an
increased crack growth rate in comparison to amditamium alloy, it typically has the

same or greater Paris law exponent as the otheiurh alloy.

4.3.3.2 Fractography

The fracture surfaces of the room temperature datigrack growth test bars of
Ti-0.8B and Ti-0.9B material are shown in Figured&dand 4.17, respectively. The
fracture surfaces of the Ti-B material were comesistand had the primary crack
propagating from the starter notch in a flat armshségranular mode. Secondary cracking

was observed along/a grain boundaries of the fracture surface. The daglas on the
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Figure 4.15.Room temperature fatigue crack growth of constdidand heat-treated Ti-
0.8B and Ti-0.9B powder, in comparison to publisheslits for conventional
commercially pure (CP) Grade 2 titanium material.

183



Figure 4.16.Micrographs of crack growth fracture surfacesaisolidated and heat-
treated Ti-0.8B produced using the Armstrong preces
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Figure 4.17.Micrographs of crack growth fracture surfacesaisolidated and heat-
treated Ti-0.9B produced using the Armstrong preces
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fracture surfaces are dirt/stains from handlingh&f specimens. The crack propagation

mode was consistent with that of the notched fatigst specimens.

4.3.4 Compression Testing

The consolidated and heat-treated CP-Ti, Ti-0.88 dm0.9B material was
compressed to examine the deformation structure.disiocation density, slip character
and dislocation interaction with TiB particles weneamined in the CP-Ti, Ti-0.8B and

Ti-0.9B material.

4.3.4.1 Transmission Electron Microscopy (TEM)

The CP-Ti material had severe deformation indlgrains andx lath substructure
as shown in Figure 4.18. The dislocations were eskto be in both the grains andx
lath substructure, but no slip across the bounslasias observed. Dislocation analysis
was completed using several diffraction conditiofise dislocations were observed to
have a and c type slip character and wavy in appear Based on the published
literature and morphology of the dislocations, tlaeg most likely'a and ¢ F a type. No
planar slip was observed in the CP-Ti material.

The T-0.8B and Ti-0.9B materials had severe deftonan the a grains as
shown in Figure 4.19 and 4.20, respectively. Ttsbodations were observed to be in the
o grains, but no slip across the boundaries wasrebde Dislocation analysis was
completed using several diffraction conditions. Ti&ocations were observed to have a

and¢ + a type slip character and wavy in appearaks with the CP-Ti material, the
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(d)

Figure 4.18.Transmission electron micrographs of consolidated! heat-treated
commercially pure (CP) titanium produced usingAlnestrong process after
compression testing. (a) Overall dislocation stiteof consolidated and heat-treated
CP-Ti. g = 0002: (b) bright field, (c) dark field=1010: (d) bright field, (e) dark field.
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Figure 4.19.Transmission electron micrographs of consolidatedl heat-treated Ti-0.8B
produced using the Armstrong process after compresssting. (a) Overall dislocation
structure of consolidated and heat-treated Ti-Og88.0002: (b) bright field, (c) weak
beam; g=1010: (d) bright field, (e) dark field.
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(d)

Figure 4.20.Transmission electron micrographs of consolidatedl heat-treated Ti-0.9B
produced using the Armstrong process after comjmes$ssting. (a) Overall dislocation
structure of consolidated and heat-treated Ti-Ogp8.0002: (b) bright field, (c) dark
field; g=1010: (d) bright field, (e) dark field.
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dislocations are most likely a and T + a type. Nmar slip was observed in either the Ti-
0.8B and Ti-0.9B material. The TiB showed no diakoan structure but did have planar
faults from the formation of the borides (Figure$%and 4.20). In addition, there were
no observations of the TiB being fractured or cutdislocations slipping through the
borides. There were several dislocation loops oeskonly within thea grains and not

near TiB particles.

4.4 Discussion

Commercially pure (CP) titanium alloys are limited the amount of
strengthening that can be obtained due to the ctgmand lack of response to heat
treatment. The main methods for strengthening CBH®Ys are dependant on the input
chemistry, amount of plastic deformation appliedhie material, and grain size of the
material. These three factors directly affect thalfmicrostructure and subsequently the
final properties of the material. The chemistry yides solid solution strengthening
including interstitial strengthening with the adioit of oxygen, nitrogen, and carbon.
Plastic deformation from cold and hot working opierss including rolling, isothermal
forging and extrusion refine the. grain size and produce texture or preferred
crystallographic orientations in thiegrains. The limited ability to strengthen thedeys
is the main reason why these alloys are generaby in applications where factors such
as corrosion resistance and weldability are mopoimant than high strength.

The addition of boron to CP-Ti has been shown todpce a dispersion of
titanium borides, TiB, that provide additional sigghening above and beyond that from

solid solution and grain siZ&>12415171922iqre 4.21 — 4.23 shows the 0.2% vyield
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strength, ultimate tensile strength, and % eloogadis a function of volume percent TiB
for various titanium alloys with boron. The plotsosv how the tensile properties are also
a function of the base titanium alloy and the psscased to produce the material. In
addition, the Ti-0.8B and Ti-0.9B tensile propestare also plotted in these figures. The
Ti-0.8B and Ti-0.9B produced from Armstrong powds#rows a higher strength and
elongation than Ti-B alloys produced using othethuds. In addition, the Ti-B material
showed similar strengths as that of other titanalloys with boron added, but with lower
elongation. The lower elongation is a result of base titanium alloys having lower
levels of oxygen in comparison to the materialhis study, and some of the alloys used
for comparison have a considerable amount of diyctlue to the additional phases
present. For example, Panda and Ravi Chaffdrhave shown that fg titanium alloys
with boron, the TiB increases the strength of tHeyawhile the B phase provides
ductility that would not be present in CP-Ti alloyhis is not unexpected as thghase
is usually more ductile than the phase in titanium alloys. It should be noted, the
processing method also plays a role in the amotiductility that will be present in an
alloy as the amount of work induced into the matedould potentially reduce the
ductility of the alloy. In addition to volume fragh of TiB, the morphology, distribution
and possible alignment are factors that need ttaken into account when comparing
titanium alloys with boron produced using differeméthods.

In contrast to the amount of research completetensile properties, the fatigue
properties of titanium alloys with boron are notlivecumented including no published

work on fatigue crack growth. The most likely remgor this is the quantity of titanium
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Figure 4.21.0.2% yield strength as a function of volume petrdaB for various
titanium alloys with boron added produced usingotss processeé?
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Figure 4.22.Ultimate tensile strength as a function of volypeecent TiB for various
titanium alloys with boron added produced usingotes processeé?
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Figure 4.23.Elongation as a function of volume percent TiBvarious titanium alloys
with boron added produced using various proceédes.
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material produced with boron is not great enougltdmplete this testing. The use of
notched fatigue testing in this work was becaugecdkanliness of the material was in
question due to post-production handling issues. ddncentrated fatigue strength af 10
cycles was determined to be 51 ksi (352 MPa) ankis¥ {1490 MPa) for Ti-0.8B and Ti-
0.9B material, respectively. The Hue to the notch was 1.7, therefore the unconateuatr
fatigue strength at 1@ycles was 30 ksi (207 MPa) and 42 ksi (290 MBga){-0.8B and
Ti-0.9B material, respectively. Saito eti@I?”) observed that the addition of boron to Ti-
6Al-4V and Ti-4.3Fe-6.8Mo-1.4Al-1.4V increased tfatigue strength at 10cycles
when tested at an R ratio of 0.1. The additionaybh to Ti-6Al-4V provided an increase
of ~22 ksi (~152 MPa) in comparison to Ti-6Al-4Vthout boron. The alloy Ti-4.3Fe-
6.8Mo-1.4Al-1.4V with boron additions was reportedhave a fatigue strength of 152
ksi (1048 MPa) while no fatigue strength was regafior this alloy without boron. The
addition of boron to CP-Ti doubled the fatigue st between the Armstrong product
and conventional Grade 4 CP-Ti (increase of ~40+2¥5 MPa)). The doubling of the
fatigue strength and difference in fatigue streagth the base titanium alloy with and
without boron was significantly greater than thatree published alloyed Ti-B material
data.

Although there have been numerous published reporthe influence of boron
additions on the mechanical properties of titaniaitoys, the detailed amount of
individual contributions to strengthening has neét thoroughly analyzed. In each of the
published studies, the total strengthening has la#ibuted to the boron additions.
Several factors have not been taken into accoehidmg the chemistry, grain size, and

TiB morphology and distribution. There is a lotinferaction between these factors that
195



needs to be taken into account to understand tigestrengthening from the addition of
boron. These factors will be examined for the CPT1H0.8B and Ti-0.9B material to
determine the amount of strengthening due to tleenddtry, grain size, TiB, and the use

of the Armstrong process (including the HIP, extvasand heat treatment).

4.4.1 Solid Solution Strengthening

The Armstrong powder was consolidated and heatetledo create CP-Ti
material with a target composition of Grade 4 CPAS shown in Table 4.2, the oxygen
concentrations are equivalent to 0.25 wt.% in tiReTC This and the low iron make the
material more similar to Grade 2 rather than Grdd€P-Ti. The Ti-B material had
oxygen levels higher than that of Grade 4 CP-Thwibncentrations at 0.62 — 0.67 wt.%
and the iron was still very low. Oxygen is an intpot solid solution strengthening
addition of thea phase in these alloys. At concentrations of oxygeave about 0.25
wt.% in ana alloy, the slip character has been reported tositian from wavy to
planar?®?° Based on these observations, strengthening frenaddition of oxygen to:
titanium is accompanied by a transition in sliprelcer. Welsch et &% and Weissmann
and ShriéfY! have proposed that this transition is connecteshtwt-range ordering of
oxygen in thea lattice. Therefore, the CP-Ti and Ti-B materialulb be expected to
have planar slip but this was not observed in a@nthe material (Figures 4.19 — 4.21).
Both the CP-Ti and Ti-B material exhibited wavypsind the dislocations were most

Iikely?\ and ¢ +a in character (mainly the former)
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Figure 4.24.Gatan image filtering transmission electron (FTEMgrographs of
consolidated and heat-treated Ti-B material produseng the Armstrong process
showing local concentration of oxygen. (a) Oxygencaentration map - white contrast
shows where each element is more concentrate@®réb@dge 1 map; (c) Pre-edge 2 map;

(d) Post-edge map.
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CP-Ti| Ti-0.8wt.%B | Ti-0.9wt.%B

Predicted UTS (ksi) 41.3 47.1 50.8

Actual UTS (ksi) 88.5 164.0 170.5
Predicted 0.2% YS (ksi) 28.3 34.1 36.3

Actual 0.2% YS (ksi) 65.3 140.5 148.0
Predicted % EL 55.0 45.0 41.0
Actual % EL 135 4.7 2.7
Predicted % RA 85.0 77.0 75.0
Actual % RA 16.0 5.8 2.9

Table 4.2.Tensile properties expected for Armstrong produmadmercially pure (CP)
titanium, Ti-0.8B and Ti-0.9B material using teesis. oxygen equivalencies results

from Ouchi et al.’s work.

198




The absence of planar slip could possibly be erpthby the local concentration
of oxygen in the matrix being less than 0.25 wt8d a large concentration of oxygen in
the TiB. Gatan image filtering transmission elect(6TEM) analysis was completed on
the Ti-B material to determine where most of thgg®en was situated. Figure 4.24 shows
the oxygen concentration is equivalent to or greatéhe o titanium matrix as compared
to the TiB. Therefore, the lack of planar slip @ attributable to oxygen segregation in
the TiB.

The lack of planar slip also can be attributedhi® teduced slip length due to the
fine o grain size. The short slip lengths do not allow deslocations to pile up as the
back stress builds up quickly not allowing dislé@atsources to continue to create
dislocations on the same slip plane. For sourcasalp active, cross-slip must occur thus
the presence of wavy slip character.

The extent to which the Armstrong product is sttbaged due to the addition of
interstitial elements was evaluated using the failhg relationship derived by Jaff&¢':

{O} = O + 2N+2/3C (all elements in wt.%) [4.12]
The equivalent oxygen content relationship wasveeriin an attempt to quantify the
individual contributions of the elements oxygeniragen and carbon to solid solution
strengthening in CP-Ti and Ti-B material. The oxygsuivalence for the CP-Ti, Ti-
0.8B and Ti-0.9B material was 0.28, 0.63 and 0.694yrespectively. Ouchi et f!
reported tensile test results for CP-Ti materighviarge ranges of oxygen, nitrogen and
carbon concentrations. Table 4.2 shows the tepsiperties that would be expected for
the CP-Ti and Ti-B material using the oxygen eq@meies calculated from the

regression analysis work of Ouchi et al. Theseutaled tensile results do not agree with
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the actual results. The actual 0.2% vyield strersgtth ultimate tensile strength are still
larger than that of the calculated values while ¢lengation and reduction in area are
lower than calculated. The grain size of the maten Ouchi et al.’s work ranged from
~25 — 45um, which is typical of conventional CP-Ti. The graize in the CP-Ti and Ti-
B material is unusually fine at 4dm and ~1.5 - 2um, respectively. The differences
between calculated and actual yield strengths atelichere are other strengthening
mechanisms that need to be taken into accountliy daderstand the tensile results,
including grain size and dispersion strengthening.

The fatigue strength at 1@ycles is strongly dependent on the interstitaitent
of the CP-Ti material as it is with yield strength’® As the oxygen equivalence is
increased, the yield strength and fatigue strengtreases. These results were expected
based on the good correlation between the highedwatigue strength and yield strength
in titanium alloys. However, a strong relationshgtween the fatigue strength of CP-Ti
material with respect to oxygen equivalency hashs&n developed as it has for tensile
properties. Therefore, the increase in fatiguengtifedue to the oxygen equivalence level
is not able to be determined. The fatigue crackvgioate of Ti-B material was faster in
comparison to published results of CP-Ti fatiguackr growth? Robinson and
Beever§Y observed that at room temperature, the fatiguekagemwth rate is essentially
independent of the interstitial content in the @ifmgm 0.2 - 0.9 wt.% oxygen. Therefore,
the increase in crack growth rate observed in @ Material is not expected to be due

to the higher oxygen concentrations.
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4.4.2 Grain Size Strengthening

The Armstrong powder was consolidated and heatetledo create CP-Ti
material that was HIPed, extruded and then annedleela grain size was ~pm, ~2
um, and ~1.5um for the CP-Ti, Ti-0.8B and Ti-0.9B material, resfively. The resulting
o grain sizes were significantly finer than the nmaxim 45um by ASM standards for
Grade 2 and Grade 4 CP-Ti. Since all the processtigygs were the same between the
CP-Ti and Ti-B material, the fine grain size in the CP-Ti showed that the Armstrong
aggregate powder produces a fine grain size icahgolidated and heat-treated material.
The addition of boron to the titanium material het refines the microstructure as has
been observed by several autii$%** It appears though, that the materials with or
without boron show recrystallized grain size forgifiner than typicalo grains in
conventionally produced titanium alloys. This isshbkely due to the large number of
nuclei in the CP-Ti and Ti-B powder produced usihg Armstrong process with fine
recrystallized grains formed during the consolidatand heat-treated as discussed in
Chapter 3.

The finera grain size in the CP-Ti and Ti-B material will pide strengthening
above that in typical Grade 2 and Grade 4 CP-Tiagnordance with the Hall-Petch
relationshi>*®. This relationship was used to determine the amofirstrengthening
obtained from a finee grain size. It should be noted that the frictitness §;) increases
significantly with interstitial content while theodking parameter (k is relatively
independent of the interstitial levels. Using psbéd values for the friction stress and

locking parameter for the oxygen equivalent lewélthe CP-Ti and Ti-B material, the
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CP-Ti| Ti-0.8wt.%B | Ti-0.9wt.%B
Oxygen Equivalence Predited
0.2% YS (ksi) 28.3 34.1 36.3
Hall-Petch/Grain Size
Predicted 0.2% YS (ksi) | 02| 780 8L.5
Total Predicted 0.2% YS (ksi) | 64.6 112.1 117.8
Actual 0.2% YS (ksi) 65.3 140.5 148.0

Table 4.3.Predicted 0.2% yield strength properties usinggexyequivalencies and the
Hall-Petch relationship and oxygen equivalenciesAionstrong produced commercially
pure (CP) titanium, Ti-0.8B and Ti-0.9B material.
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Figure 4.25.Fatigue strengthening for constant grain sizeui®2 in conventional

commercially pure (CP) titanium materi&. Green star shows fatigue strength for Ti-B

material with grain size of 1.5 — 2ubn and lower oxygen levels.
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expected yield strengths were calculated and arersin Table 4.3. Since the effects of
grain size and interstitial concentrations on sftenare essentially additi¥d, the
calculated yield strengths from the oxygen equiveyeand Hall-Petch relationships were
added to determine the overall calculated yieldngith. This is shown in Table 4.3 as
well as the actual yield strengths obtained. Thsulte in Table 4.3 show that the
calculated and actual yield strengths are essbntia¢ same for the CP-Ti material,
which suggests that the strengthening mechanisenm@rstitial solid solution and grain
size. The Ti-B material, however, still has a digant difference between the calculated
and actual yield strengths. Therefore, there adbitiadal strengthening mechanism(s)
that still need to be explained.

The o grain size strongly affects the fatigue strengthl@ cycles of CP-Ti
material®**% As the grain size is decreased, the fatigue stineingreases. An example
of the amount of fatigue strengthening obtainednfigrain size is shown in Figure 4.25.
However, as with oxygen equivalence a strong waiatip between the fatigue strength
of CP-Ti material with respect @ grain size has not been developed as it hasrigil¢e
properties. The fatigue strengths for the Ti-B mateare shown with work from Turner
and Robert&® in which they tested CP-Ti at three different osygequivalencies but all
with ana grain size of 32um. As shown in Figure 4.25, the Ti-B material hagygen
equivalencies between 0.63 — 0.69 wt%, which isiBaantly less than the maximum in
the plot of ~10.5 wt.% from Turner and Roberts, tyet fatigue strengths were slightly
higher. These results were expected since thewe good correlation between yield
strength and high cycle fatigue. In addition, theld/ strength is dependant on oxygen

equivalency and grain size. Therefore, as the axygmguivalence is increased and/or
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grain size decreased the yield strength increasdssabsequently the fatigue strength
increases.

As mentioned previously, the fatigue crack growderof Ti-B material was
faster in comparison to published results. In aodito examining the effect of interstitial
content on the fatigue crack growth rate of CP{Tramm temperature, Robinson and
Beever¥! examined the effect af grain size on crack growth rate with R-ratio egal
0.35. As expected, the fatigue crack growth rate @l@served to decrease by an order of
magnitude upon increasing thegrain size from 23 - 8dm. The crack propagation at
low R-ratios is dependent on several factors inalgiccrack front geometry and crack
closure. The finero grain size provides for a less torturous crackpatd thus an
increased crack growth rate. In addition, the freesurface becomes rougher as the slip
length (i.e. grain size) is increased which incesathe crack closure factor. The firer
grain size results in a decreased effect from cho&ure and thus faster crack growth
rates. Therefore, the increase in crack growth oaserved in the Ti-B material is most
likely a result of the finer grain size from processing in addition to possitig
presence of TiB. Also, since the material is so Imfireer in comparison to the material in

Robinson and Beevers work, it is difficult to compaesults of each study.

4.4.3 Dispersion Strengthening
Solid solution and grain size strengthening havenbaredited with ~80% of the
total strength of the Ti-B material. The remain2@6 of this strength is believed to be

mostly due to the presence of the TiB as a stremjty phase. The rod-shaped TiB
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provide the dispersion strengthening while the $iBngers are believed not to provide
any additional strengthening. The fine dispersiomi® acts as barriers impeding the
motion of dislocations through thetitanium matrix. The motion of the dislocationdlwi
be impeded thus producing a large amount of stnaimlening of the material as the
dislocations either bypass or cut through the T@tiples. With every dislocation
bypassing the TiB particles, a dislocation loopl Wi left around the particles. As the
number of loops left around the particles increasies particle spacing decreases thus
increasing the amount of strain hardening. Fraejolgy of failed tensile, fatigue, and
crack growth test specimens, and transmission relecimicroscopy (TEM) of
compression test specimens show no evidence ofTifBebeing fractured or cut by
dislocations. This is consistent with having a gaetengthening phase that is hard to
shear: (1) TiB has a significantly higher modulgsg Table 4.1) than the titanium
matrix; (2) no documented evidence of coherencyéen the matrix and TiB; and (3)
the TiB is a compound that impedes dislocationsfelipping within the TiB and across
thea titanium to TiB interface.

The observations are consistent with the strengtlgedue to the presence of TiB
and the dislocations having to bypass the TiB. Astioned from the previous section,
estimates of the amount of strengthening due tdfittee dispersion of the TiB can be
estimated using the Orowan equafidn This relationship was used but the results were
not consistent with actual results when publish&ldes of the shear modulus and burgers
vectors were used. The dispersoid spacing requiregcount for the remaining amount
of yield strength is not consistent with that ir thi-B material. This is believed to be

partially due to the morphology of the TiB. The +slthpe of the TiB makes it more
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difficult for the dislocations to bypass the TiB darthus providing for additional
strengthening® over that estimated by the Orowan relationshipctvhis based on
spherical particles. There also was not a homogenaad uniform distribution of the
TiB in the material. The Orowan relationship asssinaehomogeneous and uniform
distribution of the reinforcement phase.

The presence of the TiB strongly affects the fatigtrength at I0cycles of CP-
Ti material. The TiB is believed to provide addit#d resistance to fatigue crack initiation
but not crack propagatidft.*®*® The initiation of all fatigue cracks were obsenatcbr
just sub-surface in the notch root not near any. Tige TiB has been proposed to provide
resistance to crack propagation by bridging thelds) by Srivatsan et &f! for Ti-6Al-
4V with boron and Li et df” for CP-Ti with 10 vol.% of TiB. These publishedsuits
are not consistent with the results of the curf@rB study. Fractography and TEM
analysis showed no evidence of TiB cracking or delbwy from theo titanium matrix.
The Ti-B material had a faster crack growth ra@ntilconventional CP-Ti material most
likely due to the finer. grain size and presence of TiB. Both the Ti-0.818 di-0.9B
have ana grain size of ~1.5 - 2.am, which is much finer than conventional material.
However, the resistance to crack growth is leshéTi-0.9B material than in the Ti-

0.8B material suggesting the boron does not bridgerack reducing crack growth rates.

4.5 Conclusions
The Armstrong process was used to produce comatigrpure (CP) titanium, Ti-
0.8B and Ti-0.9B powder that was HIPed, extruded @mnealed in order to understand

the effect of boron additions on the mechanicalpproes of the final product. The
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tensile, notched fatigue and fatigue crack growthpprties of CP-Ti and Ti-B material
were characterized. The Ti-B material showed aresse in tensile strength and fatigue
strength in comparison to CP-Ti material. Howewle Ti-B material also showed a
reduction in ductility and crack growth resistangéhen compared to published results
for other titanium alloys containing boron, theHimaterial was equivalent to or higher
in 0.2% vyield strength and ultimate tensile strénghile maintaining higher ductility and
similar fatigue strengths at 16ycles.

The strengthening mechanisms for the CP-Ti and hidderial were examined.
The oxygen equivalency of the CP-Ti and Ti-B matlewas determined and used to
calculate the expected tensile properties. Theenitgvels of oxygen and other interstitial
elements have been suggested by others to protrglegthening through short range
ordering of theo titanium matrix. In addition, the Hall-Petch retmiship was used to
calculate the expected yield strength of the CRu1d Ti-B material. The addition of
boron produced a finer grain size that provided additional strengtheromgr that of the
already finea grains for the CP-Ti material. When these resulese combined, it
predicted the yield strength of the CP-Ti mateaad was within 20% of the Ti-B
material. The unaccounted 20% of the yield stremgtost likely from the presence of
the TiB. The rod shaped TiB provide dispersionrgjteening in addition to the solid
solution and grain size strengthening through inmmedlislocation motion and causing
dislocation cross-slip and bypassing of the TiB.

The fatigue strength increased as well due to ticeeased resistance to crack

initiation from the refinedr grain size (shorter slip lengths), and the presefidiB. The
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increased fatigue crack growth was attributed eor#finedo. grain size providing a less
tortuous path and reduced effects of crack cloduwwen fracture roughness, and

observation as boron additions were increasedeistance to crack growth reduced.
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CHAPTER 5

SUMMARY AND RECOMMENDED FUTURE WORK

5.1 Summary and Conclusions

The Armstrong process is a vapor phase method for producing titanium and
titanium aloys from metal chlorides. The product of the Armstrong process is an
irregular powder. This process was used to produce commercialy pure (CP) titanium, Ti-
0.8 wt.%B and Ti-0.9 wt.%B powder. It should be noted that the Ti-0.8B and Ti-0.9B
powders originated from the first boron containing experimental runs of the Armstrong
process. The resulting three materials studied here are termed CP-Ti, Ti-0.8B and Ti-
0.9B. Samples of the powder were characterized. The powder was HIPed, extruded and
annealed in order to understand the effect of using the Armstrong process to produce the
starting material and boron additions on the microstructure and mechanical properties of

the final product. The following are the conclusions from this work.

5.1.1 CP-Ti, Ti-0.8B and Ti-0.9B Powder Produced Using The Armstrong Process

e CP-Ti, Ti-0.8B and Ti-0.9B powder morphology was analogous to titanium sponge in

that it was friable with an irregular shaped aggregate, and rough, porous appearance.
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Ti-B powder was finer in size than that of CP-Ti powder. No microstructural features
were observed for either the CP-Ti or the Ti-B powder, but x-ray diffraction (XRD)
or transmission electron microscopy (TEM) was not performed to validate whether o
grains were present in the as-received powder and not observable using scanning
electron microscopy (SEM). The powder is most likely in a metastable form with the
boron in solution with titanium, and TiB being formed during consolidation.

The chemical reactions involved in formation of the CP-Ti and Ti-B alloyed powder
using the Armstrong process is analogous to those of the Kroll and Hunter processes.
Because the powder is formed directly from the vapor phase, the likelihood of a more
uniform distribution of second phases, i.e. TiB, is more attractive.

The Ti-B powder was found to have higher levels of oxygen, carbon, and iron than
CP-Ti powder. Sodium and chlorine were lower in Ti-B powder as compared to CP-
Ti powder. The reduced amount of sodium and chlorine provides for a cleaner and

better quality powder such that there is an absence of porosity in the final product.

5.1.2 Microstructure Characterization of Consolidated and Heat-Treated CP-Ti, Ti-

0.8B and Ti-0.9B Powder

The microstructures of the consolidated and heat-treated CP-Ti and Ti-B material was
analogous to that observed by other processes used to create CP-Ti and Ti-B aloys.
The CP-Ti materia had oo (HCP) grains and the Ti-B material had o (HCP) grains
and TiB (orthorhombic) particles dispersed throughout the materia. The CP-Ti

material had a fine o grain size (~5.0 um) elongated in the extrusion direction along
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with an a lath substructure, which has not been observed in published literature. The
Ti-B material had afiner o grain size than CP-Ti (~2.0 um for Ti-0.8B;~1.5 um for
Ti-0.9B) and had rod shaped TiB a o grain boundaries and within the o grains,
blocky TiB at a. grain boundaries and TiB stringers randomly distributed.

The morphologies and non-uniform distribution of the TiB was attributed to the
limited diffusion of boron in titanium and the orthorhombic structure of the TiB, and
the crystalographic restrictions and relationships between the o phase and TiB
precipitates. The TiB particles located at o/a grain boundaries were observed to be
coarser and in some cases blocky due to easier diffusion rates of boron along the
grain boundaries and less of a crystallographic restriction on the TiB at the grain
boundaries. The TiB particles within the o grains were finer than the grain boundary
TiB due to the limited diffusion rates of boron in titanium and the crystallographic
restrictions with the grains.

The chemistry and amount of plastic deformation from working of CP-Ti, Ti-0.8B
and Ti-0.9B material, as with other non-heat treatable grade titanium aloys,
determines the microstructure (principaly grain size) and subsequently the properties
of the final product. Therefore, the spacing of the TiB dispersoids could not be atered
using heat treatment. This is similar to other materials made by mechanical aloying
of powder. However, the TiB is formed directly from the powder and not during

mechanical aloying which reduces the PM processing cost.
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5.1.3 Mechanical Properties of Consolidated and Heat-Treated CP-Ti, Ti-0.8B and Ti-

0.9B Powder

The CP-Ti material with boron showed an increase in tensile strength, fatigue
strength and crack growth rate with a reduction in ductility in comparison to CP-Ti.
CP-Ti and Ti-B aloys were equivalent to or higher in yield and ultimate tensile
strengths than typical CP-Ti and Ti-B aloys, while maintaining a higher ductility and
similar fatigue strengths at 10 cyclesin comparison to published results of other Ti-B
aloys.

The operative strengthening mechanisms for the CP-Ti and Ti-B material studied
were solid solution (from oxygen, nitrogen and carbon), grain size, and dispersion
(from fine TiB particles) strengthening.

0 The oxygen equivalency of the CP-Ti and Ti-B material was calculated from
an accepted relationship (equation 4.1). This was used in conjunction with a
relationship reported by Ouchi et al. to calculate the expected tensile
properties of the three materials.

0 The Hall-Petch relationship was used to calculate the expected yield strength
of the three materials. The boron containing alloys had a finer grain size that
provided additional strengthening compared to the already fine o grain size of
the CP-Ti. When these two results were combined, it predicted the yield
strength of the CP-Ti material was within 20% of the Ti-B material.

0 The unaccounted portion of the yield strength is most likely to be from the

presence of the TiB. The rod shaped TiB provides dispersion strengthening
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through impeding dislocation motion and causing dislocation cross-slip and

bypassing of the TiB. Additional strengthening could be obtained if the
distribution of the TiB was more uniform and had a smaller spacing.

e The fatigue strength is believed to have increased as well due to the increased

resistance to crack initiation from the refined grain size (shorter dlip lengths). The

increased fatigue crack growth was attributed to the refined grain size providing a less

tortuous path and less of a crack closure effect along with the presence of the TiB.

5.2 Recommended Future Work

Commercialy pure (CP) titanium alloys are largely produced as a flat rolled
product with some applications produced from castings or forgings. There are few if any
powder metallurgy (PM) products produced using the various grades of CP-Ti, as the cost
to benefit relation is too low. The Armstrong process could change this ratio by lowering
the cost to produce CP-Ti from inexpensive powder. In addition, this process could also
allow for the introduction of novel titanium alloys, which are not producible using
conventional ingot metallurgy methods. The following additional questions/issues are
recommended for future work based on the results and conclusions of this study:

e A review of al the processes used to create titanium alloys containing boron show
there is no published work on producing these alloys from a vapor to a solid (powder
in this case) with a supersaturated solution of boron. Therefore, further work is
required to fully understand how the microstructure develops in Ti-B alloys made

from the vapor phase to the solid phase.

216



The TiB observed in this study is believed to have precipitated out of the o phase
upon consolidation using HIP and extrusion. The only other reference to the TiB
precipitating out of the a. phase was when the LENS™ process was used and nano-
TiB was observed. All other methods to produce titanium alloys with boron have
reported the boron precipitating out of the liquid phase with the o, and/or § phase(s)
nucleating on the TiB. The microstructural development of the TiB precipitating from
the o phase needs further work to fully understand the mechanisms of formation
including crystall ographic relationships between the TiB and o phase.

The chemistry of the consolidated and heat-treated Ti-0.8B and Ti-0.9B material was
found to have high levels of oxygen. The CP-Ti material had an oxygen concentration
similar to that of typical Grade 2 CP-Ti material. The high levels of oxygen and other
minor elements of the powder are a concern as subsequent handling and processing
needs to minimize the introduction of oxygen, and other minor elements, as they will
reduce the mechanical properties.

Powder handling and cleanliness are a couple of the main factors governing the
quality of PM aloys. Contamination from foreign particles may lead to a substantial
loss of properties, in particular fatigue strength. This is a major concern for titanium
alloys asinclusions are not currently an issue in commercial materials produced using
hearth melting and/or vacuum arc melting. Therefore, the downstream PM processing
will have to be controlled and the effects of various consolidation methods need to be

better understood before any PM process can be used in production.
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It would be useful to understand the nature and circumstances leading to the
formation of an o lath substructure in the CP-Ti material. This was an unexpected
observation with current study.

In addition to the o lath substructure, the regions of material that were originally
thought to be TiB stringers should be fully characterized. The present study showed
titanium in these regions, but lean in boron. The lack of boron in these regions is most
likely due to non-uniform chemical distribution in the powder. As with the o lath
substructure, there was a low volume fraction of these areas in the material and most
likely had to no effect on tensile properties. It is likely these regions will affect the
minimum values of fatigue strength generated for specific applications. It is believed
that these areas were formed during the consolidation of the material, but the nature

and circumstances leading to the formation of these regions needs further work.
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