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Abstract

Predominantly single phase (92-94 vol.%), fully dense samples of Hf>SnC, Zr,SnC, Nb,SnC, Ti,SnC, Hf,PbC and Zr,PbC were fab-
ricated by reactively HIPing the stoichiometric mixture of the corresponding elemental powders in the 1200-1325°C temperature range
for 4-48 h. The latter two, fabricated here for the first time, required a further anneal of 48—96 h to increase the volume fraction of ternary
phases. Hi,PbC and Zr,PbC are unstable in ambient atmospheres at room temperature. As a family these compounds are good electrical
conductors; the lowest and highest values of the electrical conductivities were, respectively, 2.2x10° (.m)~! for Hf,SnC and 13.4x10°
(€2.m)~! for Hf>PbC. The Vickers hardness values range from 3 to 4 GPa. All compounds are readily machinable. The Young’s moduli of
Zr,SnC, Nb,SnC and Hf,SnC are, respectively, 178, 216 and 237 GPa. The thermal coefficients of expansion, TCE’s, of the ternaries scale
with those of the corresponding binaries, and are relatively low for such readily machinable solids. The lowest TCE belonged to Nb,SnC
[(7.840.2)x10~¢ K~!], and the highest to Ti»SnC [(10£0.2)x 10~ K~']. The TCE’s of Hf and Zr containing ternaries cluster around
(8.240.2)x 106 K—1. All the synthesized ternary carbides were found to dissociate into the transition metal carbide and the A-group

element in the 1250-1390 °C temperature range. © 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction

The ternary compounds with the general formula
M, +1AX,, where n=1-3, M is an early transition
metal, A is an A-group (mostly IITA and IVA) element
and X is either C and/or N, are structurally related.'~®
In these compounds, near close-packed transition metal
carbide and/or nitride layers are interleaved with layers of
pure A-group element. In the M>AX, or 211°s'= phases
every third layer is an A layer; in the M3A X5, or 312’s,34
every fourth layer, and in the MyAX;, or 413’s, every fifth
layer.>® By now it is fairly well established that as a class,
these ternaries possess an unusual set of properties: they
are machinable, good thermal and electrical conductors,
anomalously soft (Vickers hardness 24 GPa), thermal
shock resistant and damage tolerant, elastically stiff, have
relatively low thermal expansion coefficients (< 10x 1076
°C~!) and combine mechanical anisotropy with thermal
isotropy.”?> This combination of properties derives
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partially from the metallic nature of the bonding and
partially from the layered nature of the structure. We
have also shown that, at least in Ti3SiC,, basal slip is
operative at room temperature'®> and that deformation
occurs by a unique combination of kink and shear band
formation.!%!7

This work deals with the Sn and Pb containing 211
phases, namely: M,SnC where M is Ti, Hf, Zr or Nb,
and M,PbC, where M is either Hf or Zr. In the original
work by Jeitschko and co-workers, these ternary carbides
were synthesized by sealing mixed elemental powders in
the appropriate molar ratios in evacuated quartz tubes
and annealing them at 800 °C for several hundreds of
hours.!? The samples were powdered, X-rayed and their
lattice parameters were calculated. In 1997 Barsoum et al.
10 synthesized the Sn-containing phases in fully dense bulk
form by reactively hot isostatic pressing (HIPing) ele-
mental powders at 7> 1200°C and for shorter annealing
times as compared to the original work.!? Preliminary
measurements included Vickers hardness, electrical con-
ductivities and their temperature dependencies.'?

Another distinguishing feature of these ternaries is their
dissociation behavior; instead of melting congruently they
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Table 1

Sources and characteristics of powders used

Powder Purity Particle size Source

Ti 99.0% —325 mesh Johnson Matthey, MA

Hf 99.6% (Zr nominal 2-3.5%) —325 mesh Alfa Aesar, Ward Hill, MA

Zr 99.8% —325 mesh Prochem Inc., Rockford, Ill.

Nb 99.0% —325 mesh Alfa Aesar, Ward Hill, MA

Sn 99.8% —325 mesh Aldrich Chemicals, Milwaukee, W1
Pb 99% —325 mesh Prochem Inc., Rockford, Il
Graphite 99.0% 1-2 pm Aldrich Chemicals, Milwaukee, W1

peritectically decompose into the A-group element and
the transition metal carbide, MC,, at temperatures in
excess of 1250°C. %10

The aim of this work was twofold. The first was to
optimize the processing parameters of the M>SnC pha-
ses and further characterize them. The second was to
fabricate and characterize, for the first time, pre-
dominately single phase samples of all the currently
known Pb-containing ternaries, namely, Ti,PbC,
Hf,PbC and Zr,PbC. However, despite our best efforts,
and for reasons that are discussed elsewhere,?° we were
unable to fabricate Ti,PbC in pure enough form to
characterize it. Furthermore, we discovered that the Pb-
containing ternaries were unstable in ambient atmo-
spheres, which limited the scope of their characteriza-
tion.

2. Experimental details

The starting mixtures consisted of powders of the
corresponding transition metal, Sn or Pb and graphite
in the 2:1:1 stoichiometry, respectively. The sources of
powders for the current work and their purities are lis-
ted in Table 1. The powders were ball-milled using
Al,Oj3 balls for 24 h to ensure good mixing and to break
up any agglomerates. The mixed powders were cold
pressed under ~280 MPa in 32x13 mm? steel dies. The
high green densities (Table 2) are attributed to the
deformation of the soft constituents, viz., Sn, Pb and
the transition metal.

Green bodies with typical thicknesses of ~4-8 mm
were sealed under vacuum in borosilicate (Pyrex) glass
tubes. Special care was taken to insure that the thick-
nesses of the green bodies were at most half the internal
diameter of the glass tubes (15 mm). This was necessary
because an overall expansion, or swelling, that roughly
doubled the size of the green body, during heat up was
observed. The reason for this swelling is not clear at this
time, but could be related to the de-wetting observed
when the melting points of the Pb or Sn were reached. If
the size of the samples relative to the tube diameter were
too large, the swelling broke the glass tubes during
heating, thereby preventing any HIPing action. For the
Ti,SnC samples the maximum thickness of green bodies

successfully HIPed was &~ 4 mm and these had to be
sealed in slightly larger (20 mm) diameter tubes.

All samples were heated at 5°C/min to 850°C, a tem-
perature at which the glass tubes soften. The slow heat-
ing rate was found to aid in the re-absorption of the
liquid Sn or Pb into the porous preform. Upon reaching
850°C the HIP was pressurized to 55 MPa and heating
was resumed at the same heating rate to the processing
temperature, at which point the pressure in the HIP
increased to 60—70 MPa. The various compositions were
held at the processing temperatures for different times
varying from 448 h (Table 2). Once cooled, the samples
were removed from the HIP and the surrounding glass
was removed by mechanical grinding using a SiC
grinding wheel. The samples were sliced, mounted and
polished down to 1 um using diamond suspension, for
optical and scanning electron microscopy, SEM, eva-
luation. Powders were drilled from the bulk of the sam-
ples for X-ray diffraction, XRD characterization. The
densities of the HIPed samples were measured using
Archemedes’ method in water at ambient temperatures.

The most challenging aspect of this work remains
determining the optimal processing temperature. The
main problem is that too high a temperature results in
dissociation, while too low a temperature results in
either incomplete reactions, or porous samples. The
problem is further complicated by the fact that in most
microstructures, the MC, compound is present and it is
nontrivial to determine whether its presence is due to
dissociation or insufficient reaction.! When the decom-
position temperature of the ternary is high, the problem
is less severe than when it is low because the HIPing can
be carried out at temperatures high enough to result in
densification. The problem is more severe when the
decomposition temperature is in the vicinity of 1200°C.
Thus, in addition to the HIP runs, separate runs, at
successively higher temperatures, were carried out to
determine the decomposition temperatures of the sam-
ples. After each such run the samples were cooled, pul-
verized and X-rayed.

In all samples, in addition to the MC, phases, Sn or
Pb were detected. The contents of the latter were quan-
tified using a differential scanning calorimeter (DSC)

! The MC, phases form upon heating, i.e. they are in the reaction path.
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Table 2
Summary of processing details of, and ancillary phases in, M,AC compounds fabricated in this work and our previous work

Ti,SnC Hf>,SnC Zr,SnC Nb,SnC Hf,PbC Zr,PbC
Green density (g/cm?) 4.7 8.7 5.5 6.4 9.6 6.8
Relative green density (%) 88.7 87.3 86.8 87.3 85 87.6
Volume change (%) for: 2 M+ A+C=M,AC -17 —15 —-12 —13 —6 —15
Processing temperature (°C) 1250 1325 1200 1300 1200 1200

132510 1325'0 125010 1300'°
Processing time (h) 12 4 12 4 482 48°

410 4]0 410 4]0
Vol.% Sn or Pb 5.5 1.1 2.3 4.2 2.4 0.4
Vol.% MC, <1 2.5 1.0 39 2.0 6.0
Vol.% porosity <1 <1 <1 <1 <1 <1
Theo. density (g/cm?) 6.35 11.79 7.16 8.38 12.1 9.2
Calculated density® (g/cm?) 6.38 11.76 7.16 8.31 12.1 9.1
Measured density (g/cm?) 6.1 11.2 6.9 8.0 1L.5 8.2

6.110 11.81° 7.0 10 8.3 10

4 Followed by a 48 h anneal under Ar at 1200°C.
® Followed by a 96 h anneal under Ar at 1200°C.
¢ Calculated using rule of mixtures and volume fraction listed above.

(Perkin Elmer thermal analysis system). The details can
be found elsewhere,?? but entailed comparing the areas
under the endothermic peaks due to the melting of the
Sn or Pb in the ternary compounds, with the area for a
pure sample of known weight. The volume fractions of
the MC, phases were determined by applying an etching
solution 1:1:1 by volume of H>O, HF and HNOj to the
surface of mounted and polished M,>SnC samples. The
solution preferentially attacked the M,SnC and the Sn
in the microstructure leaving the transition metal car-
bide unaffected. These samples were then evaluated
under the optical microscope whereby the carbide
regions appear as bright spots, at which point image
analysis was used to estimate the MC, volume fraction.

The elastic constants were measured using a standard
pulse-echo method utilizing the heterodyne phase
detection (PST) described in detail elsewhere.?!

The electrical resistances and their temperature
dependencies, in the 77-300 K temperature range, were
measured with a micro-ohmmeter (Model 5600 AEMC
Instruments). The samples were placed in a Dewar flask
just above the liquid nitrogen level, the slow evapora-
tion of which allowed for the slow heating of the sam-
ples. The temperature was measured by a thermocouple
attached directly to the sample. From the results, the
temperature coefficients of resistivity, o, was calculated.
The latter is defined by:

p(u2.m) = p3po[1 — (A T)]

where T, p and p3g are, respectively, the temperature in
degrees Kelvin, the resistivity at 7" and at 300 K.

The thermal coefficient of expansion, TCE, was mea-
sured under flowing Ar in the 25-1000°C temperature
range in a dilatometer (Unitherm, Anter Corp., Pitts-
burgh, PA). The measurements were carried out both

during the heating and cooling at 2°C/min under Ar.
For most samples, there was little hysteresis between the
cooling and heating curves and a least squares fit of
both curves was used to determine the TCE. The Hf-
containing samples, however, showed a marked hyster-
esis and consequently only the cooling curves were used
to calculate their TCE’s.

3. Results and discussion
3.1. Processing of M>SnC compounds

The HIPing temperatures required to produce pre-
dominantly single phase samples of the M,SnC phases
are summarized in Table 2, and range from 1200°C for
Zr,SnC, to 1325°C for Hf,SnC. The times needed to
fully densify the samples varied from 4 to 12 h. In gen-
eral, the lower the processing temperatures the longer
the times needed for densification. The porosity in all
samples was measured, using image analysis, to be <1
vol.%. It is worth noting here that the volume changes
associated with the formation of the M,AC phases from
their elements is negative and ranges from 6 to 17 vol.%
(Table 2).

Typical powder XRD spectra for the M,SnC phases
fabricated, at the times and temperature listed in Table
2, are plotted in Fig. 1. In all cases the main peaks
belong to the ternary carbides. SEM and DSC analyses,
however, indicated that the M,SnC phases comprised
92-96 vol.% of the samples, with the Sn and MC, pha-
ses making up the balance. A typical back-scattered
SEM image of a Nb,SnC sample is reproduced in Fig.
2. In this micrograph, the dark phase, is NbC,, the
volume fraction of which is determined by image ana-
lysis to be ~4 vol.%. The volume fractions of the other
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Fig. 1. Summary of XRD spectra for M,SnC ternary phases.

MC, phases are listed in Table 2. The corresponding
volume fractions of Sn determined by DCS ranged from
a low of 1 vol% for Hf,SnC, to a high of 5.5 vol% for
Ti,SnC (Table 2).

A comparison of the XRD patterns of the M,SnC
phases obtained from this work and those in Ref. 10
reveals that the samples fabricated in this work have a
higher content of the ternary carbides. The processing
temperatures and times for Hf,SnC and Nb,SnC were
identical to those used previously.!® However, for
Ti,SnC and Zr,SnC longer processing times at lower
temperatures [compared to Ref. 10], resulted in higher
volume fractions of the M,SnC phases. It is now
believed that the previously reported processing tem-
peratures for Ti,SnC and Zr,SnC were probably too
close to their dissociation temperatures determined in
this work to be 1250 and 1275°C, respectively.

3.2. Processing of M>PbC compounds

The best Zr,PbC samples were obtained by HIPing at
1200°C for 48 h, followed by annealing the same sam-
ples, without removing the encapsulating glass, at
1200°C for 96 h under Ar. A comparison of Fig. 3a and
b, shows that the long anneal is necessary to fully react
the unreacted Pb with the ZrC, that forms during heat
up of the samples. The Pb content, as determined from
DSC measurements of the annealed samples, was <0.4
vol.%; the residual ZrC, content was ~ 6 vol.%.

Samples of Hf,PbC were fabricated by reactive HIP-
ing at 1200°C for 48 h followed by annealing under Ar
at 1200°C for 48 h. The XRD pattern of the annealed
sample is shown in Fig. 3c. The final Pb content in the
samples was estimated from the DSC to be ~2.5 vol.%;
the HfC, content was estimated to be ~2 vol.%.

Finally it is worth noting that despite the fact that
the samples were found to contain less than 1 vol.%

Fig. 2. SEM back scattered image of Nb,SnC. Dark phase is NbC,.
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Fig.3. XRD spectra a further M,PbC phases. (a) Zr,PbC after HIP-
ing, (b) same as (a) but after 48 h anneal in Ar. Note reduction in
binary carbide peaks, (c) Zr,PbC after HIPing and annealing in Ar for
96.

porosity, their measured densities were either slightly
lower than, in the case of the M,SnC phases, or sig-
nificantly lower than, in the case of the M,PbC phases,
the densities calculated based on the rule of mixtures
(Table 2). This discrepancy can most probably be
attributed to a combination of the following two rea-
sons: (i) the reaction of the molten Sn or Pb with the
encapsulating glass and its removal from the sample.
Such a reaction has been documented and typically
results in total dissociation of the ternaries in the vici-
nity of the glass into the MC; (ii) the ternary com-
pounds are substoichiometric in Sn or Pb; a possibility
that has been suggested previously.!-?
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3.3. Characterization

The temperature dependencies of the thermal expan-
sions of the ternary carbides upon heating and cooling
are plotted in Fig. 4a. (The curves are shifted by 300°C
to the right for clarity.) A least squares fit of the data
yields the values of the TCE’s listed in Table 3.2 Also
listed in Table 3 are the corresponding TCE’s of the
stoichiometric binaries. Fig. 4b plots the TCE’s of both
the binary and ternary compounds as a function of the
melting point of the stoichiometric binary carbides. The
implications of these results are several. First, the M—A
bonds are clearly weaker than the M—C bonds, but sig-
nificantly stronger than the A—A bonds. Second, the
Pb—M and Sn—M bonds are more or less comparable.
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Fig. 4. (a) Temperature dependence of thermal expansions of M,AC
phases upon heating and cooling. Least squares fits of the results are
shown by lines superimposed on the data. For the Hf-containing
samples the TCE’s were calculated from the cooling curves. (b) Com-
parison of TCE’s of M,AC phases and those of the corresponding
stoichiometric binary carbides, MC versus the melting point of the
latter. Top curve plots decomposition temperature of M,SnC phases.

2 For the Hf-containing ternaries there was marked hysteresis upon
heating and cooling. In that case, the least squares fit was constrained
to the cooling curves which are deemed more accurate because the
effect of oxidation or other potential reactions are minimized.

Third, the TCE of the ternaries correlate well with those
of the corresponding stoichiometric binaries, with the
latter being 20-33% higher. This in turn implies that the
M-C bonds in the ternary compounds are comparable
to their counterparts in the stoichiometric binary com-
pounds. It is also probable that some of the M—C bonds
in the ternaries are even stronger as is the case for
TI3SIC2 and Ti4A1N3.12’22

For reasons that are not clear the TCE of Hf,SnC is
slightly higher than one would have anticipated from
Fig. 4b. This result, however, is consistent with the
independent fact that the dissociation temperature of
Hf>SnC is slightly lower (i.e. less stable) than that of
Nb,SnC (Fig. 4b, right hand side).

The Young’s moduli of the compounds measured
range from 178 GPa for Zr,SnC to 237 GPa for
Hf,SnC, with that of Nb,SnC, at 216 GPa, in between.
These values are about 50% lower than the corre-
sponding stoichiometric binary carbides, once again,
reflecting the weakness of the M—Sn bonds relative to
the M—C bonds. Unfortunately, it was difficult to fabri-
cate Ti,SnC or the Pb-containing specimens of adequate
geometry to obtain reliable pulse echo measurements.

The Vickers hardness values were found to be inde-
pendent of load. Within the scatter in the results listed
in Table 3, the hardness values appear to be insensitive
to the composition and range from a low of 3.2 to a
high of 3.9 GPa. The values are consistent with the
Vickers hardness values of most other M>AC phases,?®
including the M,SnC phases.!? All the compounds pos-
sessed excellent machinability. They can be machined by
a manual hack-saw, milling machine, or lathe with reg-
ular tool bits; no lubrication or cooling is required

The resistivities of the compounds fabricated in this
work are plotted versus temperature in Fig. 5. The
electric conductivities of the ternary compounds are
quite high; they range from a low of 2.2x10° (-m)~!
for Hf>SnC, to a high of 13.4x10° (Q-m)~! for Hf,PbC,
with the others falling in between (Table 3). The con-
ductivity of Hf,PbC is noteworthy, not only because it
is quite high (=1/3 of Al metal), but also because it is
significantly higher than either pure Pb or HfC (Table
3). The o’s range from a low of 0.0021 for Nb,SnC, to a
high of 0.0144 for Hf,PbC. Comparing the results mea-
sured in this work and those previously reported? it is
clear that with the exception of the Hf,SnC, the repro-
ducibility is rather poor. This implies that there is a
hidden variable influencing the conductivity results. At
this time, it is not clear what that variable is, but it
could be related to small differences in the stoichiometry
of the ternary carbides or the presence of small con-
centrations of impurities introduced either with the
starting powders or during processing.

Finally it is worth noting that the Pb-containing
ternaries are not stable, but are slowly attacked upon
exposure to the atmosphere. Fig. 6 is a SEM secondary
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Comparison of physical properties M>AC carbides measured in this work and the corresponding values for the stoichiometric binary carbides. Also
included are the results of our previous work'®

Estimated dissociation

Thermal coefficient

R.T. electrical

Temperature

Elastic modulus

Vickers hardness

temperature or of expansion (ppm/K) resistivity (p) coefficent of (GPa) (GPa)
melting point (°C) (n€2.m) resistivity (o) (K1)
Ti,SnC 1250 104+0.2 0.22 0.0032 -2 3.5+0.4
0.07'0 0.0040'° 3.54£0.4'°
Zr,SnC 1275 8.3+0.2 0.28 0.0035 178 3.940.3
0.1410 0.00410 3.54£0.4'°
Nb,SnC 13904250 7.8+0.2 0.45 0.0021 216 3.8+0.2
0.2510 0.009'° 3.5+04
Hf>,SnC 133542510 8.1£0.2 0.45 0.0034 237 3.8+0.7
0.4210 0.0027'0 4.540.410
Zr,PbC < 1300 8.2+0.2 0.36 0.0144 -2 3.240.5
Hf,PbC < 1300 8.3+£0.2 0.075 0.0063 A 3.8+0.7
Ti53SiC, ~2200 23 9.2 0.22 0.0041° 3302124 4
TiC 23 3067 (mp) 7.4 0.4-0.59 410-510 28-35
ZrC % 3420 (mp) 6.7 0.34-0.56 350-440 25.5
NbC 23 3600 (mp) 6.6 0.56 338-580 19.65
HfC » 3928 (mp) 6.6 0.45-0.37 350-510 26.1
Sn 232 (mp) 19.9 0.1 0.0047 39-54
Pb 327 (mp) 29.3 0.2 0.0034 14-17

4 Not measured.
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0.0
70 120 170 220 270 320
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Fig. 5. Temperature dependence of resistivities of M,AC phases fab-
ricated in this work.

image of a polished sample of Hf;PbC that had been
exposed to the atmosphere for 24 h. The salient features
are the protrusions and cracks formed as a result of
atmospheric attack. The volume expansion is so severe
that a few days exposure to the atmosphere results in
the cracking of the mounting material and the disin-
tegration of the sample into a powder heap. Interest-
ingly enough, at the resolution level of XRD, there were
no discernable differences in the spectra of the bulk,
unreacted material and the resulting powders. The nat-
ureof the attack is thus not understood, but is most

Fig. 6. SEM secondary image of Hf,PbC that had been exposed to the
atmosphere for 24 h.

likely an oxidative process. Consistent with these obser-
vations are the results of the oxidation of Hf,SnC and
Nb,SnC in the 400-600°C temperature range.”’ The
oxidation kinetics are linear and are associated with a
large volume expansion that also results in the total
disintegration of the ternaries into a pile of powder of
the corresponding transition metal oxide (HfO, or
Nb,Os) and SnO at lower temperatures, and/or SnO,
at higher temperatures.

4. Conclusions:
o Predominantly single phase (92-94%), fully dense

samples of Hf,SnC and Zr,SnC, Nb,SnC, Hf>SnC,
Hf,PbC and Zr,PbC phases were fabricated by
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reactively HIPing the stoichiometric mix of the
corresponding elemental powders in the 1200-
1325°C temperature range. The Pb-containing
ternaries were fabricated for the first time and
found to be unstable in ambient atmospheres at
room temperature.

The TCE’s of the M,AC phases scale with those of
the corresponding stoichiometric transition metal
binary carbides or MC. The TCE’s are thus quite
low for such readily machinable solids; the lowest
(7.8x107° K~1) is that of Nb,SnC, and the highest
(10x10=¢ K1) belongs to Ti,SnC. The TCE’s of
Hf and Zr containing ternaries cluster around
(8.2£0.2)x107% K~!. The TCE’s of the Pb-con-
taining ternaries were almost identical to those of
the corresponding Sn-containing ones.

The ternaries are good electrical conductors, with
conductivities in the 2-14x10° (-m)~! range. The
temperature coefficients of resistivity range from
0.002 to 0.015 K1,

The Young’s moduli Zr,SnC, Nb,SnC and
Hf,SnC are, respectively, 178, 216 and 237 GPa.
The Vickers hardness values vary from 3 to 4 GPa.
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