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Abstract

A novel hot explosive compaction (HEC) technique has been applied to molybdenum (Mo)-
and tungsten (W)-based titanium (Ti) alloys. The constituent precursor powders of the alloy
billet were surrounded by an exothermic mixture, which, when ignited, released a large amount
of heat via a self-propagating high-temperature synthesis (SHS) reaction. Heat from the SHS
reaction diffused into the precursor powder bed, causing the interior temperature to rise above
1,500° C. When the powder bed became isothermal, it was consolidated to high density by
pressure waves generated by the detonation of an explosive. The amount of explosive charge
and the molar ratio of exothermic mixture to sample were adjusted to produce full-density
molybdenum-titanium (Mo-Ti) and tungsten-titanium (W-Ti) alloys. The billets were sectioned
and examined with scanning electron microscopy (SEM), energy dispersive x-ray spectroscopy
(EDS), x-ray diffraction analysis (XRD), and microhardness measurements. In context of the
fabrication process, the similarities and differences of the resultant product microstructures are
discussed.
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1. Introduction

High tungsten (W) content alloys continue to present considerable challenges to the powder
metallurgy industry. Because W has the highest melting point among metals, T,, = 3,380° C, its
alloys, especially those with transition metal elements, are most effectively produced by liquid-phase
sintering (LPS) [1]. Over the last 10-15 yr, LPS has focused on the development of two-phase
tungsten heavy alloys (WHA) with a nickel-iron or copper-nickel matrix for use in military
applications. Renewed interest in the extension of LPS technology has centered on matrix metals
such as titanium (Ti), Ti-6A1-4V alloys, zirconium (Zr), hafnium (Hf), and steel [2]. However, the
presence of brittle intermetallic phases in the systems with Zr, Hf, and iron [3] limits their
applicability and utilization. In addition to LPS, solid-state sintering, extrusion, and mechanical
alloying [4], the use of explosive compaction to consolidate and sinter the powdered precursors has
been examined [5].

During the past three decades, explosive compaction has been extensively applied to metal and
ceramic powders. When an explosive, adjacent to a powder sample, is detonated, a shock wave
propagates through and densifies the powder bed. Bonding is produced via localized heating
between neighboring particles as they slide past one another. Due to the rapid densification rate, the
samples often suffer from low nonuniform densities, poor interparticle bonding, and severe cracking.
The rise in temperature, associated with the irreversible work occurring during the consolidation of
distended solids, has frequently been found to be insufficient to develop adequate bonding. To
overcome some of these problems, hot explosive compaction (HEC) has been suggested [6-11],

where preheating is used to decrease the yield strength of the powder, thereby improving its ductility.

Recently, W-based alloys [5] have been consolidated with a variant of HEC at the U.S. Army
Research Laboratory (ARL). This technique, referred to hereafter as combustion synthesis assisted
(CSA)-HEC, uses an in situ self-propagating high-temperature synthesis (SHS) reaction

(i-e., “chemical furnace”) to preheat the powder sample prior to compaction. Chemical heating [12]



and thermite mixtures [13] have already been used to heat samples prior to shock loading. Admixed

exothermic mixtures have also been shock initiated to locally enhance sample properties [10, 11].

The chemical furnace is a highly exothermic mixture of reactant powders that, when initiated,
will generate heat and provide high temperatures. SHS has been extensively researched in the

former Soviet Union, Japan, and the United States [14-16].

This effort was designed to explore the feasibility of applying the CSA-HEC technique to
molybdenum (Mo)-Ti and W-Ti powder mixtures. The general features of the phase diagrams of
the Mo-Ti and W-Ti systems are very similar, with the exception of a substantially lower melting
point for Mo, T,, = 2,620° C vs. T, = 3,380° C for W. Therefore, the influence of the proximity of
the chemical furnace, peak interior temperature, and rate of preheating on the sample structure were
of primary concern. The extent of dissolution and dispersion of the Mo grains, compared to those
of W, in the Ti matrix was also of interest. The billets were sectioned and examined with scanning
electron microscopy (SEM), energy dispersive x-ray spectroscopy (EDS), x-ray diffraction (XRD)
analysis, and microhardness measurements. In context of the CSA-HEC fabrication process, the

similarities, differences, and evolution of the resultant product microstructures are discussed.

2. Experimental Procedure

The precursor powders used in these experiments were -325 mesh (equivalent to ~44 pm),
99.9% pure Mo (CERAC, Inc., Milwaukee, WI); 12 pm, 99.9% pure W (Johnson Matthey, Ward
Hill, MA); -325 mesh, 99.5% pure Ti (Micron Metals, Salt Lake City, UT); and 2 pm, 99.9% pure
graphite (CERAC, Inc., Milwaukee, WI). The component powders were blended in a prescribed
mass ratio. A mass ratio of 90:10 was used in the Mo+Ti mixture, and a mass ratio of 95:5 was used
in the W+Ti mixture. In this manner, the atomic ratios of the constituents were approximately the
same in both mixtures; for the Mo+Ti mixture, it was 82:18, and for the W+Ti mixture, it was 83:17.
Each mixture was ball-milled for several hours and stored in argon until the CSA-HEC experiment

was performed. For comparison, the unalloyed metal powders were compacted as well. In the



remainder of the discussion, only mass ratio designations are used. Conversion tables for the Mo-Ti
and W-Ti systems are provided in Appendices A and B. The Ti and graphite (C) powders used in
the SHS chemical furnace were mixed with a Ti:C molar ratio of 1.0 for maximum heat release.

This Ti+C mixture was pressed into doughnut-shaped green compacts.

As shown in Figure 1, SEM of the Mo revealed polyhedral particles, with a coarse surface
texture, ranging in size from 10 to 30 pm. The W particles were polyhedral and faceted, ranging in
size from 5 to 20 pm. The Ti was irregular, having faceted to elongated shapes, with a size range
of 10 to 40 pm. The C powder was excluded from a microscopic examination, since it had no direct

effect on the alloy structure.

Figure 2 shows the schematic of the CSA-HEC reaction vessel, which functions not only to
contain the SHS reaction but also as the explosive compaction fixture. The reaction vessel and
explosive driver package were assembled separately. The driver package was affixed onto the vessel
and the completed fixture placed on a sandpile. The Ti+C-TiC SHS reaction was ignited remotely,
and as the reaction proceeded to completion (3 s), the generated heat diffused into the powder bed.
The outside of the Mo+Ti or W+Ti powder bed heated up rapidly while its interior lagged behind.
As the periphery began to cool and the interior continued to heat up, at 60 to 65 s, the powder bed
was isothermal. During this condition, the anvil was activated by the detonation of the explosive to
densify both the sample and the TiC doughnut. The fixture was buried under sand, which protected
the case and contents from excessive thermal shock. After cooling to ambient temperatures, the

alloy billet was extracted.

Experiments were carried out to measure the sample temperature and rate of heating in the
reaction/compaction fixture during the preheating phase of the process. As shown in Figure 3, for
these experiments, the reaction/compaction fixture was modified by removing the explosive
container and inserting a series of equally spaced W-Rhenium thermocouples into the middle of the
Mo-+Ti sample through the base of the fixture. After the TiC reaction was initiated, the emf output
of the thermocouples was recorded as a function of time using Labtek Notebook (a PC-based, data

acquisition system) until the fixture cooled to ambient temperature.
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Figure 2. Schematic Diagram of the CSA-HEC Fixture.
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Figure 3. Schematic Diagram of the Modified CSA-HEC Fixture Used in the Temperature
Measurements.



Full-density CSA-HEC metal and alloy samples were fabricated with explosive charge mass to
piston/anvil mass values (c:m) of about 1.7-2.2. The CSA-HEC experiments were conducted with

ny;cin, values (ratio of moles of exothermic compound to moles of sample) of 5.6-6.2.

The uniformity of compaction of the billets was evaluated by density measurements and optical
microscopy. Samples were cut and prepared for SEM, EDS, and XRD analysis. The SEM samples
were mounted and diamond polished to a 1/4-pm finish. X-ray diffraction samples were polished
to remove any surface damage introduced during cutting and mounted into standard aluminum (Al)
x-ray diffractometer sample holders. To obtain a precise measure of the lattice parameter of the
phases present, the linear intercept method was used [17]. Fracture surfaces, generated by impact
loading, from the core region of the billets were examined with SEM for a qualitative examination
of intergrain bonding. Vickers microhardness measurements were performed with 100-gf and 400-gf
loads. Listed values represent the average of 20 individual hardness measurements with a limit of
error of £0.15 GPa. Further details of the CSA-HEC process and experimental procedures are in
Kecskes and Hall [5].

3. Results and Discussion

The phase diagrams of the two systems are shown in Figure 4. The Mo-Ti system is in
Figure 4(a), and the phase diagram of the W-Ti system is in Figure 4(b) [3]. Both of the metals
exhibit limited solubility in c.-Ti, and the systems contain a critical point and a monotectoid reaction.
The critical point at 850° C, 50Mo-50Ti, for the Mo-Ti system, corresponds to the decomposition
of B-Ti/Mo «> B-Ti + Mo. The monotectoid reaction of $-Ti/Mo +> «-Ti + Mo, is at 695° C,
22Mo-78Ti. The features for the W-Ti system appear at higher temperatures. The critical point, at
1,250° C, 65W-35Ti, corresponds to B-TVW <« B-Ti + W. The monotectoid reaction
B-TVW « «-Ti + W is at 740 +20° C, 28W-72Ti. While the specific temperatures and
compositions are different, based on the overall features of the equilibrium-phase diagrams of the

two systems, their behaviors are expected to be similar.
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3.1 Temperature Measurements. Precompaction temperature-time data measurements,
supported by adiabatic heat balance calculations, indicated that the ny,.:n, value significantly affected
the heating rates and peak temperatures attained within the sample. For best results, the ny,:n, value
was adjusted so that as much of the bulk of the sample would be near, but not exceed, the melting
point of Ti, T, = 1,670° C, and excessive overheating of the periphery would be minimized.
However, unless a large enough np,c:n, value was used, the sample did not become isothermal at a
sufficiently high temperature at any point during the preheating cycle. The ny,:n, value of about six

satisfied both of these criteria.

The measurements of the sample temperature during the preheating phase were essential in the
consolidation of the CSA-HEC samples. The results are shown in Figure 5. The data for 90Mo-10Ti
are in Figure 5(a), and the data for 95W-5Ti are in Figure 5(b). The pair of vertical arrows marks
the duration of the Ti+C reaction. For both cases, the temperature in the outer periphery rises
rapidly, exceeding 2,000° C, then asymptotically decreases. The rate of temperature increase in the
midregion and interior of the bed is more gradual, reaching only a temperature of about 1,550° C.
This temperature is close to, but does not exceed, the T, Ti. At approximately 6065 s after the
initiation of the TiC reaction, the cooling of the periphery and the heating of the interior converge
such that the powder bed is isothermal. After this isothermal plateau, the powder bed begins to cool
slowly. Overall, aside from a more sluggish rise in the interior of the powder bed, the Mo-Ti system
exhibited the same temperature response as the W-Ti system. Note that the slower temperature rise
reduces the duration of preheating in the interior of Mo-Ti. The thermal response of the CSA-HEC

system is interpreted as follows.

As shown by Equations 1(a), 1(b), 2(a), and 2(b), the maximum allowable temperature rise in
the sample is determined by the balance between the amount of heat generated by the TiC SHS

ES, and the amount of heat absorbed by the TiC furnace and the Mo+Ti or W+Ti

reaction, AH
sample. Because the surrounding steel fixture is identical in all CSA-HEC experiments, its
contribution to the adiabatic heat balance would be expected to be the same. Therefore, it was felt
that its inclusion in the heat balance was not warranted. The thermodynamic data and heat capacity

coefficients are listed in Appendix C.

o
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nTic(AHT'C - C?CAT) = ns[xMOC;“AT . (c:‘AT +Lgt s ]_ﬂ’";ﬁq.) +x, C¥AT|. (1a)

xn

Mo Ti T Ti air
Dye _ Xy Cp AT + x—ri(cp AT + L,op + Lﬂ—’liq.) + X, Cy AT

: (1b)
n, AHTC cg‘c AT

e (AHTS - CTOAT) = n,[x,, C VAT +x7 (CPAT + LTy + L7, )+ x,, CAT]. (22)

Mne _ XwCpAT * xu(CHAT + Ll + Lt ) + x,, G AT

n, AHT€ c:"c AT

n

(2b)

The heat absorbed by the samples includes the contributions from the molar heat capacities of
the residual porosity, C ;jr , and the component powders (solid or liquid), C :i, C ;d ° orC :V, and the
latent heats of phase transitions, LIi_,B, and L;’_,ﬁq_, that may occur during preheating (i.e., up to
2,000° C or 2,300 K). Neither W nor Mo undergoes any phase transitions within this temperature
range, but those of Ti, & — P at 882° C, and B — liq. at 1,670° C, must be considered. Using the
rule of mixtures, the overall heat capacity of the sample is the weighed sum of its components. The
weighing factor is the mole fraction. Since the mole fraction of Ti, xr;, is the same in both systems,
its molar heat capacity contribution to that of the total in each system is identical. The molar heat
capacities of W and Mo are comparable over the preheating temperature range, so the contribution
from W or Mo to the total heat capacity is essentially the same. Finally, because the packing
densities of the powder beds are roughly equal, the contribution from the porosity is also the same
in both cases. Then, with the other terms being the same, it may be concluded that for a given value
of np;c:n,, the maximum attained temperature in the powder bed is approximately the same for either
of these compositions. As shown in Figure 6, calculations for the interior temperatures are consistent

with this hypothesis.

12



-a0vuIng DL, pue sajdmes LLS-AMS6 PUE LLOT-0IN06 3} 10] Sjudurdaainbay Jeoy sneqeipy °9 dandiy

m-,-\Um.Hﬁ
001°0

ILS-MS6 — — —

LLOT-0IA06

[D,] samyessduway,

13




The discrepancy between the experimentally determined ny,.:n, value and that determined from
the adiabatic heat balance indicates that the steel fixture absorbs a considerable fraction of heat
generated by the TiC reaction. Based on the calculation and the experimentally obtained nycing

values, it may be surmised that about 90% of the SHS heat is lost to the surrounding steel medium.

Differences in the rate of temperature change in the powder bed are primarily influenced by
kinetic factors such as the thermal diffusivity of the powder mixture. In Figure 7, a plot of the
thermal diffusivity ratio, a,,/ay, implies that over the temperature range of interest, Mo has a lower
thermal diffusivity than W [18]. See Appendix D for the raw data. Therefore, it is expected that the
thermal diffusivity of the Mo+Ti mixture will also be less. With a lower thermal diffusivity, the rate
of change of the temperature in the Mo+Ti bed would be expected to be more sluggish.

3.2 CSA-HEC Experimental Results. The pure metal and alloy compositions considered, with
the corresponding c:m, ny,c:n,, percent theoretical density (% TD), and microhardness, are listed in
Table 1. In previous experiments [5], a c:m value of about 1.9 was found to produce samples with
optimum (i.e., highest density without excessive cracking) results. After compaction, the CSA-HEC
sample billets had a diameter of about 50 mm and an average thickness of 10 mm. The disk-shaped
samples could be divided into an inner core and a periphery. Typically, the core comprised a disk
with a diameter of about 35—40 mm, while the periphery comprised the outer 10- to 15-mm annulus
of the billet. The periphery could be further divided into a S-mm-wide outer edge and an
intermediate transitional region. While the inner core was relatively free of cracks, the outer zone

often contained planar and conical cracks.

As seen in Table 1, both of the alloys were consolidated to about 99% TD. In contrast, the
densities of the pure metal samples were considerably lower. Mo was consolidated to 97.7% TD,

W to0 96.6% TD, and Ti to 95.6% TD.

Table 2 summarizes the XRD results for the precursor powders and the CSA-HEC samples.
Baseline measurements of the lattice parameters of the precursor powders are in agreement with

nominal values for Mo, W, and Ti. A cy/a,of 1.586 £0.011, obtained for Ti, is also within accepted

14
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Table 1. Description of the CSA-HEC Samples

Sample cm Dpo/n TD Density Microhardness
(Weight-Percent) (g/cm®) (% TD) (GPa)
|| 400gf | 100gf
Unalloyed Metals
' 1.72 6.12 19.25 96.6
Mo 2.19 6.09 10.22 97.7
Ti 1.70 5.60 4.51 95.6
Alloys
95W-5Ti 1.98 6.23 16.55
90Mo-10Ti 5.77 9.07

Table 2. Lattice Parameters of the Precursors and CSA-HEC Samples

Sample Lattice Parameter
(Weight-Percent)
Precursor Powders
Mo 0.31421 +0.00002 n/a
w 0.31599 +0.00007 n/a
Ti 0.2944 +0.0002 0.4668 +0.0032
II Unalloyed Metals - Core Region |
Mo 0.31445 +0.00004 n/a
\' 0.31652 +0.00004 n/a
Ti 0.29496 +0.00007 0.46861 +0.00002
Alloys - Core Region
Mo in 90Mo-10Ti 0.31443 +0.00004
W in 95W-5Ti 0.31640 +0.00004

Unalloyed Metals - Edge Region

Mo 0.31447 +0.00004 wa ﬂ
W 0.31640 +0.00004 n/a
Ti 0.29509 +0.00007 0.46260 +0.00003

Alloys - Edge Region

Mo in 90Mo-10Ti 0.31444 +0.00004
W in 95W-5Ti 0.31649 +0.00004

16



norms. The nominal lattice parameter, a,, is 0.31468 nm for Mo, and 0.31652 nm for W. For Ti,
the nominal lattice parameter values are 0.29503 nm for a,, 0.46831 nm for ¢, [19], and 1.5873 for
Co/ay. A slight0.1-0.3% deviation between the measured and nominal values is expected from fine,

unannealed, polycrystalline particles.

Figures 8-11 display the XRD scans of the CSA-HEC samples. Results in Figures 8 and 9 from
the core regions of the samples are discussed first, followed by results from the edge regions in
Figures 10 and 11. X-ray diffraction scans collected from the unalloyed metal cores are shown in
Figure 8. For Mo in Figure 8(a), the scan shows only Mo peaks. For W in Figure 8(b), the scan
shows only W peaks. The lattice parameter reveals that the relaxation of W is greater than that of
Mo. For the Ti sample in Figure 8(c), the scan shows only «-Ti peaks. The small shift in lattice
parameters for Mo, W, and Ti reveals, that during the CSA-HEC process, the crystal lattices became
slightly relaxed.

X-ray diffraction scans in Figure 9 show that the alloy core has a two-phase structure. In
Figure 9(a), the diffraction peaks corresponding to Mo are clearly seen. Likewise, in Figure 9(b),
the diffraction peaks for W can be noticed. The relaxation of the Mo phase in the 90Mo-10Ti alloy
is unchanged from that in the unalloyed metal. The degree of relaxation of W in the 95W-5Ti alloy
is slightly reduced from that in the pure metal. The second phase in each alloy appears as a shoulder
(with an inflection point) on the low-angle side of each main peak. In the 90Mo-10Ti alloy, the
shoulders are more magnified and also much wider, extending to lower angles. Additionally, unlike

the 95W-5Ti alloy, a few distinct peaks appear on the shoulders.

Figure 10 displays the XRD scans from the edge regions of the unalloyed metal samples. Shown
in Figure 10(a), the shape and positions of the primary Mo peaks from the edge of the unalloyed
metal sample appear to be the same as those from the core. The similarities of the scans are
supported by lattice parameter data for Mo, which indicate little difference between the extent of
relaxation of the two regions. The edge scan for W in Figure 10(b) is virtually identical to that of
the core, but the region is less relaxed than the core region. A larger distortion is observed for Ti,

which is reflected in a shift in the peak positions, as well as in the lattice parameter data.
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X-ray diffraction results from the edge regions of the alloyed samples are shown in Figure 11.
As expected, the degree of relaxation of the primary peaks in the alloys is similar to that of the
unalloyed metals. The lattice parameters from the edge region are not much different from those that
were seen from the core region. However, the second phase profiles of the edge region scans appear
to be different. Such shifts reflect a compositional change between the core and edge regions of the
alloy samples. A careful examination of the Mo peaks in Figure 11(a) reveals that the peaks have
broader low-angle sides, and their shoulders, unlike those seen in Figure 9(a), are somewhat smaller.
Results for the 95W-5Ti alloy, shown in Figure 11(b), are equally subtle. In the edge region scan,
the W peak shape has shifted from having a shoulder to a more gradual, monotonic decline extending

to lower angles.

Orthogonal cross sections of the alloy samples (with respect to the compaction axis) revealed that
the distribution of the primary and secondary phases was isotropic in the basal plane; however, both
phases were transversely elongated in the axial plane. This orientation effect arose from the uniaxial
collapse of the initially isotropic powder bed. The distortion was not observed in the pure metals.
Axial cross sections from the core of the sample billets are illustrated in Figure 12. The 90Mo-10Ti
alloy is shown in Figure 12(a), the 95W-5Ti alloy in Figure 12(b), the W in Figure 12(c), the Mo in
Figure 12(d), and the Ti in Figure 12(e).

Observation of the 90Mo-10Ti alloy revealed that the Mo grain aggregates (light gray) are
interconnected, surrounding mostly isolated Ti-rich matrix regions (medium to dark gray). The Mo
grains have a size of 10-30 pm. The dimensions of the Ti-rich matrix regions correspond to those
of the Ti precursor. Energy dispersive x-ray spectroscopy of the sample indicates that, in all cases,
the Mo in the aggregates is mostly pure. As evident in Figure 12(a), the Ti-rich matrix phase is
segregated and nonuniform (i.e., cored). The composition of the medium gray areas ranges from
40Mo-60Ti to 25Mo-75Ti. In contrast, the composition of the dark gray areas is mostly pure Ti.
The low-angle shoulders, noted in the XRD scans, correspond to the Ti-rich B-Ti/Mo solid solution.
The increased width and height of the shoulders correspond to the observed nonuniformity in
composition. Finally, some of the distinct peaks (i.e., at 20 of 34.9°,38.7°,52.2°,63°,and 70.1°)

on the shoulders are most likely associated with the mostly pure Ti regions.
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The structure of the 95W-5Ti alloy is dissimilar from the 90Mo-10Ti alloy. The core region
reveals loose W grain aggregates (light gray) bounded by a partially connected Ti-rich matrix (dark
gray). The partial discontinuity of the matrix comes from the particle size difference of the
precursors, the relative melting points, and the temperature before and at the time of compaction.
The W grains have retained their original size of 10 to 20 pm. The dimensions of the Ti-rich areas,
likewise, correspond to the size of the Ti precursor. Though not apparent in Figure 12(b), the matrix
phase contains an equiaxed grain structure with a size of 5 to 10 pm. Semiquantitative EDS
indicates that the W in the aggregates is nearly pure, and the fairly uniform Ti-rich phase has a
composition of about S5W-45Ti. Similar to the 90Mo-10Ti alloy, the second phase observed is the
Ti-rich solid solution of B-Ti/W.

In Figure 12(c), the inner core of the unalloyed Mo reveals a generally equiaxed grain structure.
Although the morphology of the Mo powder is generally retained with trapped porosity primarily
along the grain boundaries, there is a slight orientation effect (i.e., compressive deformation of the
grains along the compaction axis) in this sample. Also note, the grains are separated by a thin grain
boundary phase.

SEM of an etched cross section from the unalloyed W's inner core reveals an equiaxed grain
structure. Again, the preferential orientation seen in the alloys is absent. As shown in Figure 12(d),
the precursor W powder morphology is retained with some fine porosity remaining along grain
boundaries and junctions. As is apparent from the SEM micrograph and taking note of the extremely
high melting point of W, it may be concluded that the ny,:n, used generated insufficient temperatures
to melt the W in the interior of the powder bed.

The SEM micrograph of the unalloyed Ti (Figure 12(e)) shows randomly distributed, heavily
deformed, elongated grains with a secondary darker phase between grains. From the appearance of
the grains and the absence of excessive grain growth, it may be concluded that in the interior the
temperature was sufficiently high for compaction but did not exceed T,, of Ti. The grain boundary
phase is most likely attributed to the titanium dioxide (TiO,) surface film stripped away during

consolidation.
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The SEM micrographs shown in Figures 13(a) and (b) of the outer 10 to 15 mm periphery of both
alloys revealed significant changes in their respective substructures from those seen in the core
regions. Both alloys are similar, containing Mo or W grain remnants (light gray) surrounded by a
continuous Mo- or W-rich solid solution (medium gray). The shift from rounded to polyhedral
morphology of the Mo or W grains clearly reflects the presence of extreme temperatures. Energy
dispersive spectroscopy indicated more extensive dissolution and intermixing between components
as about 90Mo-10Ti and 90W-10Ti were measured. The Mo-Ti or W-Ti solid solution also contains
isolated regions (dark gray to black) that are mostly Ti, SMo-95Ti, or 2W-98Ti.

Examination of the metals (Figures 13(c), (d), and (e)) confirmed the considerably higher
temperatures in these regions as well. Grain growth was most noticeable in Ti. Furthermore, Ti
grains exhibited much more deformation and elongation than observed at the core of the billet. For
Mo, no notable grain growth occurred; however, the number of closed pores was reduced. No grain

growth occurred in W.

A plausible explanation for the lower percent theoretical density (% TD) of the unalloyed metals
compared to the alloys may be offered by considering the peak temperature, T, during the preheating
phaseand T,,. Atthe core, the peak temperature, reached at the time of consolidation, is T, = 1,550°
C. The T, /T, ratio at the core is 0.45 for W, 0.59 for Mo, and 0.93 for Ti. Itis estimated that at the
edge, a peak temperature of about T, = 2,000° C is reached during preheating. At the edge region,
therefore, the T,/T,, ratio is 0.58 for W, 0.76 for Mo, and 1.20 for Ti.

In Mo and W, the n;:n, value was insufficient to elevate the powder temperatures high enough
to cause thermal softening. No structural changes occurred (i.e., those that would indicate melting)
at the edge of the Mo or W powder bed. As was observed in Figure 12, the effect of higher
temperatures during preheating was reflected in grain growth only. Therefore, it may be concluded
that while the differences between core and edge temperatures during the preheating phase are major,
its effect on densification was minor. The impact of this difference is further reduced, as at the time
of consolidation, the edge region cools and its temperature is the same as that of the core.

Consequently, it may be surmised that these powders remained too stiff to be adequately densified.
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(b)
Figure 13. Scanning Electron Micrographs of the Edge Region of the CSA-HEC Samples: Alloys in (a) 90Mo-10Ti and

(a)

33

(b) 95W-5Ti and Unalloyed Metals in (c) Mo, (d) W, and (e) Ti.
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For Ti, the ny:n, value was considerably higher, rendering the core most plastic among the
metals; however, its compaction yielded the lowest % TD. Unlike Mo and W, where T, was not
exceeded, in this case, local melting at the edge occurred; as a result, the open pores connecting the
interior to the outer surface collapsed and were eliminated. At consolidation, this region also cooled
below, but near T,,, whereby the collapsed structure was preserved. However, despite the existence
of a highly plastic state, the lack of exit routes in the powder bed prevented venting and complete

closure of the interior porosity.

The evolution of the alloy microstructure is complicated by the presence of the matrix phase.
The added difficulty derives from the intermixing of the constituents at elevated temperatures. In
the 95W-5Ti alloy, because of the moderately fast diffusion of W in Ti [20] and the fact that the
sample is consolidated at a sufficiently long time delay, it was expected that the composition of the
B-T¥/W solid solution would equilibrate during preheating. The concentration gradient introduced
by the solid-state dissolution of the outer layer of the W grains in Ti would be quickly reduced by
rapid diffusion. In the absence of a composition gradient (i.e., that introduced by slow diffusion),
the rate-controlling step of the process is the dissolution of W during preheating. The structural

features of the matrix in the 95W-5Ti alloy are in good agreement with this assessment.

In the 90Mo-10Ti alloy, the matrix does not have a uniform composition, but is cored. Based
on the thermodynamics of the CSA-HEC system, the higher rate of diffusion of Mo in Ti (about
three times that of W in Ti) and the strong similarities between the Mo-Ti and W-Ti phase diagrams
ought to result in a compositionally uniform matrix similar to that found in the 95W-5Ti alloy.
However, due to the lower thermal diffusivity of Mo, the nominal compaction delay time is
insufficient to allow adequate equilibration of the B-Ti/Mo matrix. The more sluggish temperature
rise reduces the effectiveness of preheating, and a shorter time at temperature, in turn, prevents the

homogenization of the matrix composition.

Itis expected that the reaction kinetics should be the same at the peripheral regions of the alloys.
Due to higher local temperatures, differences between the core and edge structures ought to be

manifested in more extensive intermixing between components only. However, an undesirable result
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of the higher temperatures at the periphery is that the solid solution composition could move into or
beyond the miscibility gap (see Figure 4). This, in turn, would cause the observed phase separation

of the matrix phase during cooling.

Fracture surfaces from the core region of the alloy and metal billets are shown in Figure 14.
Failure occurred by inter- and transgranular fracture in the 90Mo-10Ti and 95W-5Ti alloy samples.
See Figures 14(a) and 14(b). In the 90Mo-10Ti sample, the Mo grains that failed by intergrain
separation exhibited limited ductility (dimpling of the separated grain surfaces). Whereas, the Ti-
rich areas usually failed by a characteristically brittle, transgranular cleavage. The failure mode of
the 95W-5Ti alloy is similar, but less ductility is present in the W grains. In Figures 14(c) and 14(d),
fracture surfaces from the unalloyed W and Mo also reveal mixed mode failure, however, the
incidence of intergranular separation is much higher. This, of course, is most likely caused by the
absence of a binder phase. The fracture surface in Figure 14(e) from the unalloyed Ti is more typical
of ductile failure. In addition to transgranular cleavage, the relatively large Ti grains exhibit

extensive dimple formation.

Sample microhardnesses primarily reflect dispersion hardening effects. As evident in Table 1,
there is a notable 20-30% increase in overall hardness when Ti is added to W or Mo. This increase
is caused by the formation of the Ti-rich B-Ti/W or B-T¥/Mo solid solution. With the exception of
90Mo-10Ti, the sample hardnesses are essentially load-independent. The larger deviation in the
90Mo-10Ti sample is attributed to the presence of the cored matrix. Particularly, the 100-gf
hardness (i.e., 3.7) is higher due to a few points from the central Ti area of the matrix regions. The
higher scatter in the data also results in a larger limit of error of 0.30 GPa. (Note, when these points
are omitted, the overall hardness becomes 3.2, reducing the apparent deviation to match that of the

other samples.)
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4. Conclusions

A novel CSA-HEC technique designed for the fabrication of Mo, W, Mo-Ti, and W-Ti alloys
has been described. The élemental constituent powders of the billet are heated by an external Ti+C
SHS reaction. In the current arrangement, the heat evolved in the SHS reaction diffuses slowly into
the powder bed by conduction. The powder bed is allowed to become isothermal, and, at the time
of consolidation, it is compacted to high density by the detonation of a high explosive.

The core of the W-Ti alloy billets is of high density and consists of a two-phase structure with
W particles embedded in a partially continuous Ti-rich B-T/W solid solution matrix. The alloy is
transversely oriented and has spatially dependent structural features. Hardness measurements

indicate that the W-Ti alloy is affected by dispersion hardening.

Experiments with the Mo-Ti system resulted in similar overall alloy characteristics. Within the
interior, unlike the matrix in the W-Ti alloy, the matrix in the Mo-Ti alloy is cored. This
substructure arises from the sluggish kinetics of the preheating phase, causing the dissolution of the
primary component to be nonuniform and incomplete. The coring may be reduced by internal or
external modifications to the CSA-HEC fixture whereby the duration of the isothermal plateau is
lengthened. Alternatively, the cored Mo-Ti alloy could be heat-treated below the monotectoid

temperature to enhance or complete the solid solution formation.

While both W-Ti and Mo-Ti alloys were compacted with good results, none of the unalloyed
metals compacted to full density. Results of the compaction with the unalloyed metals indicate that
the absence of a low melting point secondary component (binder phase) appears to degrade the
compatibility of the sample. The degree of densification reveals that there is an optimum powder
stiffness, which is determined by the ratio of the temperature at consolidation and the melting point.
In the CSA-HEC fixture, this ratio is about 0.7.
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Mo-Ti Alloy Molecular Weights and Densities
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Table A-1. Mo-Ti Alloy Molecular Weights and Densities

Molybdenum

Titanium

wt.

0.600
0.650
0.700
0.710
0.720
0.730
0.740
0.750
0.760
0.770
0.780
0.790
0.800
0.810
0.820
0.830
0.840
0.850
0.860
0.870
0.880
0.890
0.900
0.910
0.920
0.930
0.940
0.950
0.960
0.970
0.980
0.990
1.000

at.

0.428
0.481
0.538
0.550
0.562
0.574
0.587
0.600
0.612
0.626
0.639
0.652
0.666
0.680
0.695
0.709
0.724
0.739
0.754
0.770
0.785
0.802
0.818
0.835
0.852
0.869
0.887
0.905
0.923
0.942
0.961
0.980
1.000

wt.

0.400
0.350
0.300
0.290
0.280
0.270
0.260
0.250
0.240
0.230
0.220
0.210
0.200
0.190
0.180
0.170
0.160
0.150
0.140
0.130
0.120
0.110
0.100
0.090
0.080
0.070
0.060
0.050
0.040
0.030
0.020
0.010
0.000

at.

0.572
0.519
0.462
0.450
0.438
0.426
0.413
0.400
0.388
0.374
0.361
0.348
0.334
0.320
0.305
0.291
0.276
0.261
0.246
0.230
0.215
0.198
0.182
0.165
0.148
0.131
0.113
0.095
0.077
0.058
0.039
0.020
0.000

45

68.45
70.99
73.73
74.30
74.89
75.48
76.08
76.69
77.31
77.94
78.58
79.23
79.89
80.57
81.25
81.95
82.66
83.38
84.11
84.86
85.62
86.40
87.18
87.99
88.80
89.64
90.49
91.35
92.23
93.13
94.05
94.98
95.94

7.07
7.40
7.47
7.54
7.61
7.68
7.76
7.83
791
7.99
8.07
8.15
8.23
8.32
8.40
8.49
8.58
8.67

8.87
8.96
9.07
9.17
9.27
9.38
9.49
9.61
9.72
9.84
9.96
1009 |
1022 |
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Appendix B:

W-Ti Alloy Molecular Weights and Densities

47



INTENTIONALLY LEFT BLANK.



Table B-1. W-Ti Alloy Molecular Weights and Densities

Tungsten Titanium W-Ti
wt. at. wt. at. MW, Density
(g/cm’)
0.000 0.000 1.000 1.000 47.88 4.50
0.100 0.028 0.900 0.972 51.70 4.88
0.200 0.061 0.800 0.939 56.19 5.32
0.300 0.100 0.700 0.900 61.53 5.85
0.400 0.148 0.600 0.852 67.99 6.49
0.500 0.207 0.500 0.793 75.97 7.30
0.550 0.241 0.450 0.759 80.70 7.78
0.600 0.281 0.400 0.719 86.07 8.33
0.650 0.326 0.350 0.674 92.20 8.97
0.700 0.378 0.300 0.622 99.27 9.71
0.710 0.389 0.290 0.611 100.82 9.87
0.720 0.401 0.280 0.599 102.41 10.04
0.730 0.413 0.270 0.587 104.06 10.22
0.740 0.426 0.260 0.574 105.76 10.40 |
0.750 0.439 0.250 0.561 107.51 10.59
0.760 0.452 0.240 0.548 109.33 10.78
0.770 0.466 0.230 0.534 111.21 1098 |
0.780 0.480 0.220 0.520 113.15 11.19 |}
0.790 0.495 0.210 0.505 115.16 11.41 |
0.800 0.510 0.200 0.490 117.25 11.63 l
0.810 0.526 0.190 0.474 119.41 11.87 ]
0.820 0.543 0.180 0.457 121.66 12.11 [
0.830 0.560 0.170 0.440 123.99 12.37 \
0.840 0.578 0.160 0.422 126.41 12.63 |
0.850 0.596 0.150 0.404 128.92 12.91 |
0.860 0.615 0.140 0.385 131.54 13.20 |
0.870 0.635 0.130 0.365 134.27 13.50 |
0.880 0.656 0.120 0.344 137.12 13.82 ’
0.890 0.678 0.110 0.322 140.08 14.15 |
0.900 0.701 0.100 0.299 143.18 1450 |
0.910 0.725 0.090 0.275 146.42 14.87 ’
0.920 0.750 0.080 0.250 149.81 15.25 |
0.930 0.776 0.070 0.224 153.36 15.66 ’
0.940 0.803 0.060 0.197 157.08 16.09 |
0.950 0.832 0.050 0.168 160.99 16.54 |
0.960 0.862 0.040 0.138 165.09 17.02 |
0.970 0.894 0.030 0.106 169.41 17.53
0.980 0.927 0.020 0.073 173.96 18.07
0.990 0.963 0.010 0.037 178.77 18.64
0.000 19.25
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Appendix C:

Calculation of Component Heat Capacities and Enthalpies
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The heat capacity as a function of temperature of each component is obtained from an empirical
relation given by Equation C-1. In turn, using the thermodynamic data in Table C-1 with the
coefficients listed in Table C-2, the component enthalpies can then be determined in a

straightforward manner.
C,=a+®x10)T+Cx 104 T?+(d x 10°) T (C-1)

Table C-1. Thermodynamic Constants for the Components

Component Phase Transition Temperature | Latent Heat
(°C) (kcal/g)
| Ti o (HCP) — B (BCC) 882. 0.95
n Ti B (BCC) — lig. 1670. 4.6
Ti liq.  vap. 3550. 101.
Mo a (BCC) — lig. 2620. 6.65 |
w & (BCC) — lig. 3380. 8.42
|| TiC* o (FCC) — lig. 2940. 20. |

Notes: HCP - hexagonal close packed
BCC - body-centered cubic
FCC - face-centered cubic
lig. - liquid
vap. - vapor
*All of the listed data are from Weast' with the exception of TiC, which is from Schick.?

! Weast, R. C., ed. Handbook of Chemistry and Physics. 54th Edition, Cleveland, OH: Chemical Rubber Company
Press, 1973.

2 Schick, H. L., ed. Thermodynamics of Certain Refractory Compounds, Vol. I-II. New York: Academic Press Inc.,
1966.
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Table C-2. Heat Capacity Coefficients of the Components

Heat Capacity Coefficients
(cal/gmole)

Component

b

Il Ti o 5.25 2.52 — —
Ti B 15 — — —

TiC* sol. 11.83 0.8 — -3.58

Ti li. 7.8 — — — ||

II Mo sol. 5.48 1.3 — —_

A\ sol. 5.74 0.76 — —_— I

Notes: sol. - solid
lig. - liquid
*All of the listed data are from Weast' with the exception of TiC, which is from Schick.?

! Weast, R. C., ed. Handbook of Chemistry and Physics. 54th Edition, Cleveland, OH: Chemical Rubber Company
Press, 1973. :

2 Schick, H. L., ed. Thermodynamics of Certain Refractory Compounds, Vol. I-Il. New York: Academic Press Inc.,
1966.
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Appendix D:

Thermal Diffusivity of Mo and W
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Table D-1. Thermal Diffusivity of Mo and W

Temperature 'Iherm(agnll)zjguswny

K) ©) Ao ay
100 -173 1.250 1.210
150 -123 0.746 0.873
200 -73 0.630 0.764
250 -23 0.573 0.703
300 27 0.543 0.662
350 77 0.521 0.626
400 127 0.503 0.595
500 227 0.475 0.542
600 327 0.451 0.508
700 427 0.432 0.479
800 527 0.415 0.454
900 627 0.396 0.434
1,000 ‘ 727 0.376 0.416
1,100 827 0.357 0.401
1,200 927 0.339 0.388
1,300 1,027 0.322 0.375
1,400 1,127 0.306 0.364
1,500 1,227 0.293 0.354
1,600 1,327 0.282 0.345
1,700 1,427 0.271 0.336
1,800 1,527 0.262 0.328
1,900 1,627 0.253 0.320
2,000 1,727 0.246 0.313
2,200 1,927 0.232 0.300
2,400 2,127 0.220 0.289
2,600 2,327 0.210 0.279
2,800 2,527 0.202 0.270

2,900 2,627 0.199 —
3,000 2,727 — 0.263
3,500 3,227 — 0.249
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