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Introduction

Advanced powder metal (P/M) aluminum alloys are currently being developed using mechanical
alloying and rapid solidification techniques. The objective it to obtain a homogeneous microstructure
consisting of finely dispersed thermally stable compounds. To achieve this goal, aluminum is alloyed
with elements having low diffusion rates and low solid state solubifities. Screening studies conducted by
Sanders and Hildeman (1), Adams et al. (2) and Giriffith et al. (3) laid the foundation for the development
of the current generation of elevated temperature RST aluminum alloys based on transition elements,
e.g., Fe, Mo, V, and Cr. These elements form high meiting point aluminides which are resistant to
deformation and coarsening.

Mechanically Alloying (MA) has also been used to produce aluminum alloys with excelient mechanical
properties at potential service temperatures of 250-300°C. (4,5) These materials derive their elevated
temperature properties from the fine dispersion of aluminides, carbides, and oxides distributed in their
microstructures.

In the MA process, elemental powders are milled in the presence of a carbon bearing compound
such as alcohol or stearic acid. During the process, the alloy powders are repeatedly fractured and coid
welded. Cold welding is controlled by the amount and type of the carbon bearing process control agent
used in the process. The oxide layer inherently present on the powder’s surface is fracture upon impact.
Oxides are dispersed into the materials along with the carbon bearing compound. New oxides
regenerate on the fresh surface during the process. (6) The result is heavily cold worked powder of
homogeneous composition and uniform of submicron oxides and carbides.

The oxides and carbides contribute to the strength of MA meterials. Their fine size (0.01-0. 2um)
inhibits dislocation motion, prevents recrystallization, and curtails grain growth. Upon coarsening, they
lose their effectiveness; consequently, the thermal stability of the carbides and oxides is important to the
mechanical behavior of elevated temperature aluminum alloys. (7)

Aluminum - Titanium System:

Recent research indicated that the RST and mechanically alloyed Al-Ti alloys have good ambient and
elevated temperature properties. (8, 9, 10) These alloys derive their mechanical properties from the fine
dispersoids of AlaTi, Al203, and Al4C3 particles. The oxide and carbide dispersoids are products of the
mechanical alloying process. The aluminide, Al3Ti, can be formed by both primary solidification and
peritectic transformation, Figure 1. (11). Additional AlaTi, 2-5 vol. %, may precipitate from the
supersaturated aluminum matrix of rapidly solidified alloys.

A peritectic phase, transformation occurs at 665°C. and 1.15 wt.% (12) i.e., L+t(Al3Ti) - a(Al) The
exact wt.% Ti contained in the first solid to form during the peritectic decomposition is reported to be
between 1.15-1.3% (12, 13, 14). At the transformation temperature, titanium solubility in the liquid is 0.12
wt.%. Al3Ti (13) has a body centered tetragonal structure, space group 14/mmm, 8 atoms/unit cell with a
= 0.3851 nm and ¢ = 0.86 nm.; density of 3370 kg/ms, Fig. 1. (15) Precipitation of AlaTi from a
supersaturated solid solution has been reported to result in an intermediate metastable semicoherent
phase, Al3Ti. This phase is believed to be similar to the cubic AlaZr phase (13); and may belong to the
space group P63/mmc.(16)

Strengthening Mechanisms;

The properties of aluminum alioys can be tailored for enhanced strength, toughness, and corrosion
resistance. (17) By an empirical and theoretical understanding of the synergistic relationship between the
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alloys’ structure property and processing history, (18) aluminum alloys may be strengthened by a variety
of means including solid solution strengthening, cold work, grain size, crystallographic texture, age
hardening, and dispersion strengthening. This partial list of strengthening mechanisms has a common
objective: To impede the motion of dislocations and thereby inhibit deformation and increase strength.

The ambient temperature strength of high temperature RST and mechanically alloyed alloys is
typically achieved through a combination of mechanisms, i.e., dispersion strengthening, grain size, and
texture: emphasis, therefore, will be placed on these strengthening mechanisms.

Crystallographic Texture: Crystaliographic texture is developed during alloy processing. Since texture
is the preferred orientation of crystallographic planes, its development affects both elastic and plastic
response of the materials. The elastic modulus of single crystal aluminum varies from 76.1 GPa in the
(111) direction to 63.7 GPa in the (100) direction. (19) The modulus of polycrystalline aluminum is seen
to be dependent on the average orientation of the individual grains. Schmid (20) was the first to
recognize that a critical resolved shear stress must be exceeded to produce slip in a single crystal along
specific planes and directions, i.e., the ease of deformation was dependent on crystallographic
orientation. Taylor (21) and, later, Bishop and Hill (22) developed a relationship between tensile yield
stress, o, and critically resolved shear stress, t, for polycrystalline fcc and bec materials.

c=Mt (1

The average “Taylor Factor”, M was estimated to be 3.1. The development of texture alters the Taylor
factor and hence the alloy's strength. Palmer et al. (23) investigated the effect of texture on the tensile
properties of extruded powder metallurgy alloy Al-3Li-2Cu-0.2Zr. The (111) pole intensity within 5
degrees of the tensile axis was measured and correlated to the alloy’s yield strength. Yield strength was
found to vary from 420 to 520 MPa as relative intensity of the (111) pole changed form 2 to 22.

Hall Petch Relationship: Hall (24) and Petch (25) developed a mathematical model (the Hall-Petch
equation) relating yield stress, o, to the grain size, L, of ferrous alloys. Where a0 and k1 are materials
constants. The Hall-Petch equation has since been found to be valid for most polycrystalline alloys and
aluminum alloys. (26, 27)

o=o00+ki L2 (2]

Wert (28), Kim and Griffith (29) have examined the effect of grain size on the yield stress of 7000
series (Al-Mg-Zn) aluminum alloys. The Hall-Petch slope, k1, for peak aged 7075 was estimated at 120
MPa pm'/2; and for underaged 7091 with grain size range 2.4 to 46 um, the Hall-Petch slope was 220
MPa pm1/2. Decker (26) presents yield strength and grain size data for an aluminum copper alloy and
for commercially pure aluminum. The Hall-Petch slopes were calculated to be 125 MPa ym'/2 and 75
MPa pm'/2 respectively. '

Orowan Strengthening: The hardening of metallic alloys by the utilization of second phase disperoids
have been reviewed thoroughly several authors (17, 30, 26, and 31). The strength of an alloy containing
a digpersion of incoherent impenetrable particles was first considered by Orowan. (32) The shear stress
required for a dislocation to loop a particle was found to depend on the properties of the matrix and
inversely upon the spacing of the particles.

Orowan’s original relationship has been modified by a number of authors to account for the
disiocation dipole effect, dislocation line tension, and the mean planar spacing of particles of finite
diameters. (31) Dislocation dipole results when a dislocation bows around a defect. Disiocation of
opposite sign come in close proximatey; consequently, the stress required for looping is reduced. A
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further modification to the Orowan model was necessary to account for the fact that the line tension of
edge dislocation is greater than that of a screw dislocation.

Also, the center to center spacing between large particles does not adequately describe the length of
a dislocation bowing between these particles. This factor was accounted for by substituting the equation
for mean planar spacing (i.e,, the average distance between particle surfaces) for average particle
spacing. This more precise version was derived by Martin (31) and presented below.

c= 081Gb  In (2rg/rg) [3]
T 2n(1-v)12  (As-2rs)

Where G is the shear modulus of a aluminum; b is Burger's vector; ro is the dislocation core radius; v
is Poisson's ratio; As is the average center to center spacing of particles; and rs is the average radius of
a particle. A plot of shear strength versus particle radius was generated using equation {3}, Figure 2 and
illustrates the requirement for fine particles and high volume particle fractions, e.g., radii < 0.05 ym and
volume fractions > 0.1.

EXPERIMENTAL PROCEDURE

Materials Processing

Aluminum 4 and 6 wt.% titanium alloy powders were produced by inert gas atomization, mechanicat
alloying, and mechanical alloying the atomized powder alloys. The alloys were designated according the
powder production technique used and the amount of titanium: AT for atomized, MA for mechanically
alloyed, and AM for atomized and mechanically alloyed. An organic antiwelding agent (stearic acid) was
added to the mechanically alloyed powders to introduce carbon into the system. The powders were
degassed, vacuum hot pressed, and extruded into round rod. A flow chart of the processing sequence is
presented in Figure 3.

Powder Production: Alloy powders were helium gas atomized and screened to -325 mesh (-44um) in
a nitrogen/trace oxygen atmosphere by Valimet, Stockton, CA. The mechanically alloyed powder was
produced by Novamet, Wyckoff, NJ. Aican 99.9% pure aluminum was mechanically alloyed with pure
titanium to create a master alloy with a chemistry of AlaTi. The master alloy was annealed for 24 hrs. at
1000°C in a vacuum in order to promote aluminide formation and homogenize the microstructure.

The annealed master alloy was then mechanically alloyed with pure aluminum. Two alloy powders
were produced containing 4 and 6 wt.% Ti plus residual amounts of carbon, hydrogen, and oxygen from
the 1 to 1.5 wt.% Stearic acid antiseizing agent.

Half of the inert gas atomized alloy powders were mechanically alloyed using similar processing
conditions as the mechanically alloyed powders. This procedure serves to homogenize the
microstructure and introduce carbon and oxygen to the system. During processing, one wt.% stearic
acid was added to AM4 powder and 1.5 wt.% to AM6 powder.

Consolidation: The powder alloys were cold pressed into 10 Kg billets 0.15m in diameter and vacuum
degassed at 427°C. The degassed billets were vacuum hot pressed at 493°C and 34 MPa. The billets
were heated to a nominal temperature of 410°C, transferred to a container at 316°C and extruded (at an
extrusion ratio of 47:1) into 22mm diameter rod through a cylindrical die with a cone angle of 30°.
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MICROSTRUCTURAL CHARACTERIZATION

X-ray Diffraction: X-ray diffraction was used to identify the phases present in the powders and
wrought alloys and to monitor the change in volume fraction of AlaTi resulting from thermal exposure.
X-ray analysis was performed on a Rigaku DMAX-B x-ray unit equipped with a 8/26 goniometer and a
graphite monochromator. X-rays were generated using a copper tube operating at 50KV and 20ma. The
scan rate was 1°/min and data was collected every 0.04 degrees.

The preferred crystallographic orientation of the alloy rod was assessed using the Schulz reflection
technique. The intensity of the peaks were recorded, analyzed, and plotted in the form of (111) and
(200) pole figures.

Electron microscopy (SEM/TEM): An Amray scanning electron microscope equipped with a energy
dispersive and wavelength dispersive x-ray spectrometer was operated at 20 Kv in the secondary
electron emission mode. The SEM was used to characterize the fracture surfaces of the static
mechanical test specimens. Thin foils of the materials were examined using a JOEL 100CX Il
transmission electron microscope operating at an accelerating voltage of 120kv. Samples were prepared
for electropolishing by using a jeweler's saw to cut the rod into 0.6mm thick sections. Following hand
grinding to 0.1mm, 3mm diameter disks were punched for electropolishing. Foils were prepared on a
Struers twin jet electropolisher in a solution of 30% nitric acid and 70% methanol. The thinning
conditions were 12v, 1.5ma, and a bath temperature of -30°C.

Image Analysis: The size and distribution of disperoids were characterized quantitatively by computer
assisted techniques. The fine disperoid of aluminides, carbides, and oxides observed by TEM were
measured manually. Particle diameters were calculated by averaging their iength and breadth. A
Cambridge Quantimet 970 was used in tandem with a high resolution video camera in order to analyze
the microstructures of mounted and polished specimens observed by TEM. Particle diameters were
calculated from the observed surface areas by assuming that the particles were spherical.

Mechanical Properties

Mechanical tests were performed on the consolidated alloys in order to evaluate their ambient
temperature response. Tensile tests were conducted in accordance with ASTM E8-81 (33), on an Instron
test machine, at a strain rate of 1.1 X 107 s™'. The temsile specimens were 100mm long and 13mm in
diameter. The reduced section was 37mm long and 6mm in diameter. Using a 25mm MTS
extensometer, strain measurements were made in order to obtain Young’s Modulus. In order to insure
accuracy, 4 measurements per specimen were made at 90° intervals around each sample.

Notch tensile tests were performed using a modified tensile specimen having a notch with a root
radius of less than 0.017mm (ASTM E602-81) machined in the mid-section of the sample.

Results and Observations

Microstructural Analysis of the Consolidated Alloy

Phase identification: Phase identification of the alloys was accomplished by x-ray diffraction and
selected area diffraction (SAD). There were four phases identified: fcc Al, bct AlaTi, hexagonal AlaCa, and
cubic Al203. Al4C3 was found only in those alloys prepared from mechanically alloyed powder Very
weak indications of the Al203 phase were found in all the alloys.
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The second phase volume fractions were calculated based on compositional stoichiometry and are
presented in Table 1. Alloys AM6, MA4 and MA6 have 4.8 to 8.1 vol.% Al4C3; whereas, AM4 contains
only 2.9 vol.% Al4C3. *the greatest amount of Al203 is present in the mechanically alloyed materials, e.g.,
0.3 to 0.9 vol.% Al203. Alloys AT4 and AT6 contain approximately 0.2 vol.9% Al203. The volume percent
of AlaTi varies from 10.5 to 15.4 as titanium content increases from 4 to 6wt.%.

Table I.

Calculated Volume Percent
of Second Phases Based on Compositional Stoichiometry

ALLOY Al3Ti AlsC3 Al203 TOTAL
AT6 15,01 0.06 0.24 15.31
AT4 14.30 0.05 0.18 1453
AM6 1539 476 0.28 2043
AM4 1266 292 0.86 16.44
MAG 12,58 8.05 0.89 2151
MA4 1052 583 0.54 16.90

Optical Microscopy: The microstructures of the extruded AT, AM, and MA alioys are presented in
Figure 4. The microstructures of alioys AT4 and AT6 are similar consisting of homogeneously distributed
Al3Ti particles ranging in size from less than a micron to 15um or more in diameter. The microstructural
features of the AM alloys resolvable by optical techniques are identical to those of the AT materials,
Figures 4a & b. In contrast, the microstructures of the MA alloys, Figure 4c, are distinct from those of
either the AT or AM materials. In the MA alioys, ellipsoidal AiaTi particles 3 to 15um in size are dispersed
throughout the aluminum matrix; however, the finer 1um size disperoids present in the AT and AM alloys
are absent.

Transmission Electron Microscopy (TEM): TEM examination of the extruded powder alloys was
conducted before and after exposing the alloys for 100 hrs. to temperatures up to 400°C. Figure 5
shows the microstructure of the as-received AT, AM, and MA alloys. The microstructures of the alloys
annealed at 300°C for 100 hours are presented on Figure 6. Two morphologies of AlaTi particles are
readily visible, i.e. spherical and grain-like. The grain-like morphology of Al3Ti can be observed in alloy
AMB, Figure 5a. A butterfly shaped, 0.2-0 4um sized Al3Ti pa. iicie is located in the upper left corner of
Figure 6b.

The size distribution of Al3Ti particles in the alloys AT, AM, and MA before and after isochronal
annealing were measured and ranged in size from 0.01 to 0.5pm. Prior to thermal exposure, the average
particle diameter is 0.08um; after annealing for 100 hours at 300°C, the average particle diameter
increases to 0.11um. The distribution of particles in the 0.01 to 0.15um size range appears relatively
unaffected by annealing. However, the number of particles counted in the 0.20 to 0.50um size range
increases noticeably.

The finer dispersoids observed principally in alloys AM and MA; and located primarily at grain
boundaries have been identified as Al4Caand Al203. The average size of these particles is estimated to
be 0.01um. The average grain size lies between 0.3 and 0.5um and appears to be unaffected by the
100 hour long thermal exposure or 300°C.

Alloy Texture: Alloy texture, random intensity times peak intensity, for the (111) and (200) poles is
presented in Table Ii. The alloy rods all exhibit the (111) fiber texture typical of extruded aluminum
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alloys. However, alloys AT4 and AT6 have substantially higher pole intensities than do the AM or MA
materials, e.g., the (111) pole intensity for AT4 is 16 and for MA4 is 5.

Table i
Texture of the Extruded Rod, Random Intensity Times Peak intensity for the
{111) and (200) Poles.
Pole AT6 AT4 AM6 AM4 MA6 MA4
(111) 222 158 4.2 10.3 28 52
(200) 37 28 19 2.3 1.6 17

Tensile Properties The temsile properties of the as-received extruded aluminum-titanium alloys are
shown in Table lll. Mechanical property results are the average of 2-3 tests and demonstrated little
property variability, i.e., the standard deviation corresponding to yield strength, tensile strength, and
modulus variation ranged from O to 4%. The vielr' strengths of the as-received AM and MA alloys range
from 288 to 325 MPa and is about 140 MPa greater than the YS of the AT materials, e.g., AT6 180
MPa. The ultimate tensile strengths of the mechanically alloyed materials, MA4, MAB, AM4, and MAS,
range from 321 to 351 MPa; whereas, the UTS of alloys AT4 and AT6 are 230 and 220 MPa.

Tabie lli.

Ambient Temperature Tensile Properties

TENSILE YIELD PERCENT YOUNG'S

STRENGTH  STRENGTH PERCENT REDUCTION MODULUS
ALLOY {MPa) (MPa) ELONGATION IN AREA (GPa) NT/UTS
AM6 351.3 320.9 9.0 125 86.7 1.2
AM4 320.8 2877 150 29.8 857 1.5
AM6 347.1 325.1 8.0 206 80.3 1.4
MA4 338.1 3183 9.3 271 7389 14
AT6 2204 180.4 21.0 334 88.2 1.5
AT4 229.6 177.8 220 41.1 91.1 1.5

The alloy work hardening, i.e., the difference between an alloys’'s UTS and YS, is listed by alloy in
descending order of their ability to work harden: AT4, AT6, AM4, AMB, MA6, and MA4. The difference
between the UTS and YS of alloy AT4 is 50 MPa, but reduces to 20 MPa for MA4. The difficulty of the
PM aluminum-titanium alloys is inversely related to their YS. The materials with the lowest YS, AT4 and
AT6, have tensile elongations of 21 to 22%. The elongation of the strongest three alloys, MA4, MAG, and
AMS, is 8 to 9% and the elongation of alloy AM4 is 15%.

The average Young's Modulus of the alloys (84.4GPa) is 21% greater than that of conventional high
strength aluminum (70GPa). The moduli of the AT and AM alloys range from 86 to 91 GPa and is
significantly greater than that of the MA alloys, e.g., 74 GPa and 80 GPa for MA4 and MAG, respectively.
Resuits of the notch tensile tests indicate that the alloys are not notch sensitive and implies good
toughness. The NT/UTS values range form 1.25 to 1.5. Alloys AT4, AT6, and AM4 have the highest
NT/UTS values, i.e. 1.5 and alloy AM6 the lowest at 1.25.
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Fracture Behavior: Scanning electron microscopy (SEM) was used to examine the microstructures
and fracture surfaces of AT, AM, and MA tensile specimens, are Figure 7. Macroscopically, all the tensile
fracture surfaces examined had the cup and cone appearance typical of ductile tensile failures.

AT4 has a dimpled fracture surface. The dimples range in size from less than 0.05um to greater than
3.0um, Figure 7a. Similarly, AM4 has a fine dimpled fracture surface. However, the dimples are smalier
and more homogeneously distributed. The dimples range in size from 0.5 to 1.0um, Figure 7b. MA4 has
large (0.5 by 4.0um) rectangularly shaped holes dispersed throughout a fine (0.2 to 1.01pm) and
homogeneously dimpled fracture surface, Figure 7c. The large holes are most likely the result of plates
of AlaTi pulling away from the matrix fracture.

Discussion of Results

Microstructure of the Extruded Rod

Optical Metaliography: The optical micrographs of the AT and AM alloys are similar in appearance,
Figure 4a & b. Particles range in size from 1 to 15pm and are homogeneously distributed throughout the
aluminumatrix. Unfortunately, the details of the grain structure can nor be readily observed optically. In
contrast, the microstructure of the MA alloys are relatively coarse and inhomogeneous, Figure 4c. The
particles range in size from 3 to 15um and are inhomogeneously distributed throughout the alloy’s
microstructure, Table V.

However, despite the obvious microstructural differences between the AM and MA alloys their
mechanical behavior are similar and distinct from the AT materials. This observation leads to the
conclusion that the microstructural features controlling mechanical behavior are optically unresolvable.

Phase Identification: X-ray diffraction of the as-received alloys confirmed the presence of bct AlaTi but
was unable to detect Al24Tis, AlaC3, and Al203. Selected area diffraction (SAD) established the presence
of AlaC3 and Al203 in the microstructures of the mechanically alloyed materials. Ring, not spot patterns
were seen for AlaC3 phase even when the smallest diffraction aperture was used and this indicated a
high volume fraction of fine (0.01um) AlaC3 disperoids having no preferential habit plane relative to
aluminum,

No other phases were identified. This may appear surprising considering that the major alloying
element is titanium and titanium is known to react strongly with carbon and oxygen. Koczak et al. (34)
have demonstrated that TiC can be produced by melting these alloys in the presence of carbon.
Recently however, Banerji and Reif (35) evaluated the thermodynamic stability of TiC in the presence of
Al4C3 and concluded that Al4C3 was the stable phases at temperatures below 1000°C. Furthermore,
TiO2 does not form even though its free energy of formation is low (-178kcal at 600°C) because Al2C3
is even more stable, i.e., -222kcal at 600°C. This thermodynamic stability holds over the entire
temperature range of their existence.

Grain Size and Particle Distribution: The grain size and AlaTi particle size distributions for the AT, AM,
and MA alloys are presented in Table IV. The average grain size of the as-received materials was
measured to be 0.4um. Although the angular relationship between grains was never actually measured,
it is believed that they are high angle boundaries based primarily on TEM observation of their
microstructures and SAD patterns.
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Table IV
Alloy Grain Sizes and Fine Particie Sizes

Alloy Grain Size, ym Particle Size, um
AT6 0.74 0.13

AT4 047 0.07

AM6 0.29 0.04

AM4 0.31 0.08

MAG6 0.32 0.05

MA4 0.28 0.05

The average AlzTi particle size for the aluminum-titanium alloys was 0.08um using TEM and 0.7um
using SEM. The larger plate-like particles, e.g., 1-40um are the resuit of primary solidification of AlaTi
and may be the result of atomization below the alloy’s liquidus temperature. This particle morphology
has been reported in the solidified microstructure of aluminum-titanium alloys by numerous investigators.
(36-39) The fine spherical particles are the result of solid state nucleation and growth during processing.

Microstructural Model: In order to more fully appreciate how the various features interact, an idealized
model was developed. The model is based upon the average grain size and particle size data collected
from optical, SEM and TEM techniques. The model accurately represents both the average size and
spacing of microstructural features but does not account for feature shape, size variation and volume
fraction.

Figure 8 is a graphical representation of the microstructural model. The right side represents the
microstructure of the AM and MA alloys containing Al4C3. The other side represents the microstructure
of the AT materials. Examination of the figure 8 reveals that there are Al3Ti particies on the order of the
grain sizes, i.e.,, 0.4um and spaced about 1um apart. The spherical Al3Ti particies 0.1ym in diameter are
preferentially located along the grain boundaries and have a spacing of 0.2 to 0.7um.

The fine AlaCa and Al203 particles present in the AM and MA alloys are also preferentially located at
grain boundaries. These particles are 0.01um in diameter and spaced about 0.04um apart. in the next
section, the mechanical properties of the alloys will be discussed in light of this microstructural model.

Discussion of Mechanical Properties:

Tensile Strength: In this section, an attempt is made to establish what relationship exists between
microstructure and tensile strength and to correlate tensile test results to the various accepted
strengthening models. However, difficulties arise when attempting to describe alloy strength based on
the complex microstructures found in these P/M aluminum titanium alloys. As described in the previous
section, the microstructure consists of four phases present in a variety of morphologies, sizes, and
volume fractions. This implies that the alloys’ response could be a combination of what is typically found
in dispersion strengthened, particle strengthened, or two phase aggregates composite materials.

Both shearable and nonshearable particle strengthening mechanisms were considered; however,
models based on shearable particles were eliminated early in the analysis because of several factors: (1)
no evidence of particle - =1trix coherency was found, (2) no evidence of sheared particles as found, and
(3) significant strengthening is predicted only for extremely fine particles and large volume fractions e.g.,
particle diameters much less than 0.01um and volume fractions greater than 0.10.
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Orowan strengthening, eq. (3), by dislocation looping of disperoids was calculated using particie size
data collected during image analysis. The results for the dispersion of AlaTi and Al4C3 are illustrated
graphically in Figure 9. As can be seen from Figure 9, Al3Ti contributes little to the alloys’ strength and
cannot be used to explain the differences in properties between the various materials.

In contrast to the results for the strengthening affect of AlaTi, a strong cormrelation was found to exist
between the presence of Al4aC3 and alloy strength, Figures 9 and 10. However, the predicted strength is
two to three times as great as was actually measured. This may be the result of the microstructural
inhomogeneities. Particles are distributed at the grain boundaries and may indicate that the Orowan
strengthening model is not strictly applicable.

Despite the small effect of grain size on conventional aluminum alloys’ strength, it was investigated as
a possible strengthening mechanism. Alioy strength plotted against the inverse square root of grain size
was found to form a straight line as predicted by the Hali-Petch model. The Hall-Petch slope was
calculated to be 165 PMa(pm)°'5. This is in excellent agreement with the value reported in the literature
for conventional aluminum alloys, e.g., for Al-Mg-Zn alloys: 120-220 MPa(um)® (40) and for Al-Cu alloys
75-125 MPa(um)®5. (26)

The alloys’ strength is then seen to be strongly related to grain size and Al4C3 disperoids but weakly
to the presence of AlaTi. By examining the microstructural model presented earlier in Figure 8, the
spacing of the large and small aluminides are seen to be of the same dimension as the grain size;
consequently, it is unlikely that mechanism involving dislocation bowing around the aluminides
contribute to the alloy’s strength significantly. Futhermore, since the carbides and oxides are
concentrated at the grain boundaries, it is likely that Orowan type calculations which assume a
homogeneous distribution of particles would overestimate their strengthening effect.

Therefore, it is conciuded that the primary effect of the disperoids is to inhibit grain growth and
maintain strength via the Hall-Petch mechanism. The inhibition of grain growth by second phase
particles can be estimated using Zener Relationship.

L = 1.33C(r/f) (4]

Where C; is Zener's constant; r is particle radius; f is volume fraction of particles. The fine size of the
carbides and aluminudes make them effective in controlling grain growth in the MA and AM materials. In
the absence of carbides in the AT alloys the aluminides, which are in order of magnitude greater in size,
must control grain size.

The strength of the mechanically alloyed materials, AM and MA, is 100 to 120 MPa greater than that
of the rod produced from the prealloyed powders, Table il and V. This can be related directly to the
presence of the fine carbides and oxides present in their microstructure. However, no relationship was
found to exist between strength and the volume fraction of AlsTi particulates.

Ductility: The helium gas atomized alloys (AT) exhibited the best ductility: 21-22% elongations and
33-41% reduction in area, Table V. The AM and MA materials had elongations of 8-12% and reduction
in areas of 20-29%. The reduced ductility of the AM and MA alloys is directly associated with the
presence of the fine aluminum carbide and aluminum oxide particies which decorate the grain
boundaries. This assertion is supported by the fact that the AT materials which exhibit good ductility are
essentially carbide free. Also, alloy AM4 has half the carbon content and nearly twice the ductility of the
other AM and MA alloys, Table VI,
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IABLEY.

ZIensile Properties of the Annealed Rod

TENSILE
STRENGTH
MPa)

351.29
320.92
347.14
338.07
220.41
229.56

352.45
318.03
361.83
340.28
228.69
225.79

371.38
340.28
370.14
361.24
250.55
212.00

349.07
330.14
361.24
338.24
219.79
215.38

349.03
317.97
307.83
301.86
201.10
188.07

YIELD
STRENGTH

MpPa)

320.86
287.66
325.15
318.30
180.41
177.82

329.52
293.03
345.03
324.76
178.93
211.69

347.03
315.76
352.52
349.48
190.93
183.00

327.55
303.17
342.31
324.69
170.79
158.21

312.21
312.21
289.28
281.45
151.34
134.28

10

PERCENT
ELONGATION

8.00
15.00
8.00
8.33
21.00
22.00

8.00
13.50
6.50
8.00
16.00
2.00

8.50
15.00
7.00
7.50
11.50
23.00

8.50
13.00
5.00
8.00
14.50
21.00

7.00
7.00
2.00
4.00
16.00
24.00

PERCENT
REDUCTION

INAREA

12.47
29.77
20.55
27.07
33.35
41.10

16.87
26.50
15.75
25.90
21.35
5.75

14.35
26.70
19.40
17.45
16.45
40.70

15.05
23.50
12.50
19.75
21.15
38.80

10.25
10.25
2.30
5.30
30.95
46.50
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Table VI.
Composition of the Powder Alloys (Weight percent
Materials Ti o} [e)
AT4 404 0.01 0.12
AT6 5.89 0.01 0.16
MA4 470 1.25 0.37
MA6 5.60 1.72 0.60
AM4 5.60 0.62 0.58
AM6 6.32 1.01 0.19

Notch Tensile Strength: The PM aluminum-titanium alloys all exhibit excellent notch tensile strengths
as indicated by the NT/UTS ratios given in Table lil. The NT/UTS ratios range from 1.25 to 1.5. Values
less than one are associated with alloys that are notch sensitive and values greater than one indicated
good toughness in high strength aluminum alloys.

The presence of a sharp notch in the gage section of the test sample as a stress concentration
creating a complex triaxial stress below the root of the notch. Evoking wither the Tresca or Von Mises
criteria for the onset of yielding indicated onset of plasticity is suppressed to higher axial stress levels.
Corresponding to the increase in strength is an increase in the hydrostatic component of stress. Alloys
exhibiting poor matrix particle bonding would tend to fail at the interface under such hydrostatic
stresses. Likewise, microvoid coalescence at the interface of any variety of microstructural features
eventually leads to failure.

The high levels of NT/UTS can than be attributed to good matrix particle bonding, a ductite aluminum
grain and a fine (0.5um) grain size. The homogeneous grain structure helps to distribute the stress
evenly and the ductile aluminum grain interior is able to accommodate local strain incompatibilities at the
particle matrix interfaces.

Elastic Modulus: The modulus of conventional aluminum alloys is generally considered to be
insensitive to microstructure, composition and processing history. However, it is known that the
development of preferred crystallographic orientation, e.g., texture, the presence of second phases, and
the addition of certain alloying elements can affect efastic modulus.

The resuits of the microstructural and crystallographic investigation of aluminum titanium alloys
studied suggest that a complex synergistic relationship exists between modulus, texture, particles and
composition. Young's modulus is observed to increase from 80 to 90 GPa as the intensity of the (111)
pole increased from 2 to 22, Figure 11. Modulus also increases from 75 to 90 GPa as the volume
percent of AlaTi is increased from 10.5 to 15, Figure 12. Although, no correlation was observed between
modulus and the volume percent of Al4C3 and Al203. The development of texture, however, is curtailed
by the presence of second phase particles. Figure 13 illustrated how the presence of AlaC3 reduces the
amount of preferred orientation: similar correlations can be made for both Al203 and AlaTi.

The modulus of the AlaTi phase was calculated via the rule if mixtures using the mean value for
particle volume fre tion and alloy modulus; the modulus of aluminum matrix was assumed to 70 GPa.
The modulus of the aluminide was computed to be 177.6 GPa and reflects a 2.5 GPa increase in the
alloy’s modulus for each wt.% Ti. This value agrees well with Mondolofo who reports a 2.6 GPa increase
per wt.% Ti.(13) Although the modulus values for AlaTi are not available in the literature, Holowach and
Redder (41) measured the moduli of TizAl and AlTi to be 144.8 and 175.9 GPa respectively. Based
upon the above discussion, 177.6 GPa appears to be reasonable value for the modulus of AlaTi.

11
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Hall Petch and Orowan Strengthening

The strength of the PM aluminum-titanium alloys is primarily derived form their fine (0.5um) grain size.
The fine grain size is the result of the 0.01 to 0.1um diameter dispersion of aluminides, carbides, and
oxides preferentially located at the grain boundaries. Disperoids within the grain also enhance strength
by impeding dislocation motion and improve ductility by providing a continuous source of dislocations.

Figure 14 is a plot of log yield strength versus log grain size for the aluminum-titanium alloys and
commercially pure aluminum was cold rolled 70% and recovery annealed to achieve the strengths and
grains size indicated (42). The linear nature of the plot indicates that grain boundary strengthening is
operative.

Yield strength versus inverse square root grain size is plotted in Figure 15. The differences between
the extrapolated values of aluminum and the PM aluminum-titanium alloys can result from numerous
secondary strengthening effects, e.g., (a) the relative number of high to low angle grain boundaries, (b)
Orowan strengthening, and (c) the increased mean matrix stress due to the presence of particles. In
summary, the ambient temperature properties are the result of (i) Hall-Petch strengthening and (ii)
Orowan strengthening by oxides and carbides with littie effect from aluminides.

The Role of Oxides, Carbides and Aluminides

The variety of particle sizes, types, and volume fractions make it extremely difficult to isolate the
individual contribution of a disperoid to an alloy’s overali strength and creep properties. However,
unambiguously the primary effect of the particles is to prevent grain growth beyond that predicted by
Zener's relationship, i.e., equation (4). Zener's relationship predicts that the maximum grain size is
proportional to particle radius and inversely proportional to particle volume fraction. Consequently, fine
disperoids present in high volume fractions have the most significant impact on grain size.

AlaC3 plays a major role in the strengthening of the aluminum-titanium alloys because of its fine size,
e.g., 0.01um and high volume fractions, i.e., 0.03 to 0.08. Al203 particle have the same size as Al4C3 but
have very low volume fractions and therefore alter alloy properties less dramatically. Al3Ti is present in
volume fractions ranging between 0.1 to 0.15; however, its means particle diameter is 100 times greater
than that of AlaC3 and Al203. Consequently, the strengthening effect of AlaTi is only apparent in the
carbon free alloy, e.g., AT6 and AT4. From Figure 15, the strength increase is estimated at 20-60 MPa.

Conclusions

1. The microstructure of the as-received extruded helium gas atomized powder alloys contains three
phases, i.e., fcc Al, bet AlaTi, and cubic Al20s3.

2. Four phases were identified in the extruded Am and VMA microstructures, i.e., fcc Al, bet AlaTi, cubic
AlI203, and hexagonal AlaC3.

3. The aluminide distribution of the AT and AM alloys is finer and more homogeneous than that of the
MA materials.

4, Alloy grain size and texture is controlled by the fine distribution of aluminide, oxide, and carbide
particles.

12
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The Orowan Strengthening model is not strictly applicable to these alioy systems because: a) fine
disperoids are inhomogeneously distributed, and b) the mean planar spacing of Al3Ti particles is
comparable to the grain.

Alloy strength can be explained in terms of the Hall-Petch relationship.

Annealing the aluminum-titanium alloys at 300°C for 100 hrs. increases strength. The increase in
strength is attributable to the precipitation of AlaTi and the formation of AlaC3a and Al2Os3.

Annealing at temperatures above 300°C reduces alloy strength and is attributable to Al4C3 and Al203
coarsening and grain growth.
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Aluminum-Titanium Phase Diagram and the Crystal Structure of AlaTi.
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TEM Micrographs of a) AT6,
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Fig.6 TEM Micrographs of Annealed a) AT6, b) AM6, and
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Fig. 7 SEM Tensile Fractographs of a) AT4, b) AM4, and ¢) MA4
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