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Atomic defects in hexagonal tungsten carbide studied by positron annihilation
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Vacancies on the two sublattices of hexagonal tungsten carbide were identified by means of positron lifetime
studies after irradiation with electron of various energies. In the as-prepared state two predominant positron
lifetime components occur indicating positron annihilation in the free state with a lifetjimel24=10 ps
according to the simple trapping model and positron trapping and annihilation in metal vacaWeSL(]S
+20 p9 of low concentration. By means of low-energy electron irradiation at 1 MeV with an electron dose of
1.8x 10 m~2 exclusively carbon vacancies are introduced giving rise to saturation trapping and annihilation
of positrons at carbon vacancies with a low Iifetimero(f:= 136+ 3 ps. The isochronal annealing of irradiation
induced vacancies reveals two annealing stages at 800 and 1200 K, which are ascribed to the annealing of
carbon vacancies and the dissolving of small carbon vacancy clusters.

[. INTRODUCTION observed experimentallgsee aboveor calculated on the
basis of an empirical modéf. According to theab initio
Hexagonal tungsten carbid®/C) is of practical interest calculationd® the positron Iifetimea-vcz 116 ps in a carbon

for engineering applications as a high-melting refractory mayacancy is only slightly higher than the free positron life-
terial (Tpeir=3050 K) with high mechanical stability” as  time, whereas the lifetime of positrons in a metal vacancy
hard metal in combination with a cobalt binder, and due toith 161 ps is substantially higher.

its high catalytic activity which is similar to that of Ptln Based on these results the present work aims at a more
addition, WC is of theoretical interest due to its chemicalyeiajleq experimental characterization of vacancies on the

%Oqu:lri]g %m%zr:gﬁgsiniribrglrx(t)l;rr?agféfe?\ﬁleerl]i%e Irg?tlj(;e aNGwo sublattices of WC. For this purpose positron lifetime
see Ref. # has been devoted to theoretical studies of thz:’neasurements were performed after irradiation with elec-

electronic structure of hexagonal tungsten carbide, providin [ons Off \g";f;; t;:nle:;glers.Siés(;efmi)gstrat?g ﬁiﬂlegn:n the
evidence that the conductivity is of purely metallic nature ases o et. 0 €l. 19, positron fiietime

and that the electronic density of states exhibits a minimunin€asurements in binary crystalline compounds after low-
near the Fermi surface. temperature electron irradiation near or well above the

Data on the characteristics of point defects of WC Whichthre_shold of atomic displacement may provide specific infor-
are of great interest for the understanding of self-diffusionmation on vacancy-type defects on the two sublattices.
processes, mechanical strength, brittleness, and plasticity aftence they may contribute to the assessment of thermal de-
scarcely available. In contrast to the carbides of the group Ifects at high temperatures or of structural vacancies. The
and V transition metal$® hexagonal tungsten carbide can be stability of the defects in WC was studied by means of iso-
synthesized with a stoichiometric composition and a relachronal annealing after electron irradiation.
tively low concentration of atomic defects on the metal and
the carbon sublattices. The low defect concentration is re-
flected in a low electrical resistivity(4.2 K)=0.45 uQ) Il. EXPERIMENT

with a high residual resistivity ratip(300 K)/p(4.2 K) . o )
=35 measured on high-quality single crystal with a fully ~ Positron lifetime studies were performed on hexagonal

stoichiometric compositioh.A low defect concentration is tungsten carbide'WC) powder (WC-PWD), on sintered

also supported by recent positron annihilation stutflesf ~ polycrystalline WC(WC-SNT) and on a composite of WC

WC where a short positron lifetime component in the rangeembedded in a Co bindéWC-HM). Crystallite sizes of 1-3

of 100 ps indicated partial positron annihilation from the freewm were determined for the WC powder, whereas in the WC

state. Owing to the high sensitivity of the technique tosintered at 2100 K fo4 h in vacuum and subsequently

vacancy-type defect8 this is feasible only for atomic va- cooled within 5 h(WC-SNT1, WC-SNT2 a crystallite size

cancy concentrations below 1t of 1 to 10 um was found. The WC hard met@WC-HM)
Recent first-principle calculations of the positron was synthesized with 6 wt % of Co by liquid phase sintering

lifetime!* which were carried out for virtuaB1-WC, yield at 1670 K.

for the free state a low value of 95 ps supporting the values The chemical composition of the specimens was deter-
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TABLE I. Positron lifetime components; with relative intensitied; (i=0—2,1,=1—1;—15), mean
positron lifetimer, and free positron lifetime; according to simple two-state trapping model in tungsten
carbide specimens prior to irradiatidas-prepared WC-PWD, powder of WC; WC-SNT1 and WC-SNT2,
sintered powders of WC; WC-HM, hard metal of WC with Co binder.

Specimen 7o [ps] lo [%] 71 [ps] 11 [%] 7 [ps] 7 [ps] 7 [ps]
WC-PWD 95+ 1 49+1 158+2 471 490+ 10 140=2 122+4
WC-SNT1 1021 56.5-2 1792 41.1*+1 540+ 20 144+ 2 127+5
WC-SNT2 100-1 65.2+2 192+2 32.2+1 550+ 20 141+2 121+5
WC-HM 104+1 53.8:1 1902 43.9+1 572+ 10 152+ 2 133+4
mined by energy dispersive analysis of x rédgHX) within Positron lifetime spectroscopy reveals two dominant com-

an uncertainty of 0.5 at. % for both heavy and light elementsponents with the lifetimes, and r; and an additional weak
No impurities exceeding these uncertainty limits could becomponentr, in the as-prepared WC specime(¥able .
detected. By means of x-ray diffraction a hexagonal structurgve attributer, to the positron residence time in the undis-
with the space group6m2 and with the lattice parameters turbed lattice and the lifetimes, and, to positron trapping
a=0.2906 andc=0.2837 nm were determined without the and annihilation at defects. The absence of the short-lived

detection of any other phase. _ componentr¢ supports the earlier finding3that WC can be
The positron lifetime was measured with a fast-slpw  prepared with a low concentration of vacancy-type defects.
spectrometer with a time resolution of 260 F3VHM, full The free positron lifetime r;=21/(1q/ 7o+ 11/ 71+ 1,/7,)

width at half maximum using a #NaCl positron emitter —121_127 pgsee Table )l deduced from the positron life-
(1-2 MBg) on a 0.8um-thin Al foil stacked between WO time componentsr; according to the simple trapping

identical specimen platelets. The positron lifetime compo+y,gel® appears to be slightly higher than the theoretical

nents7; with relative intensitied; were numerically deter- valuer; =95 ps(see above, Ref. 11Taking into account the

mined from spectra with a statistical accuracy of (2_7)(£ositron lifetime 161 ps calculated for tungsten vacahthe

><.106 coincidences by means of standard techniques consid ..o jifetime component, = 158—192 ps(Table ) is
ering a source correctio.

The electron irradiations with low1.0 MeV) and high- a_scnbed.to positron trapping and anmhllatlo_n at mono- or
3 and 1.2 divacancies on the metal sublattice. The positron lifetipe
inf(;%y(rﬁ;sz M?e\gpilcetic\tggs \;avg?edgséerfsoror;:éaat S\Z D.yna— (Table ) with weak intensity may originate from positrons
mitron accelerator of Stuttgart Universitgee Ref. 16 The trapped at nanovoids inside the crystallites. Positron trapping

maximum specimen temperature was 200 or 80 K durin at grain boundaries of the polycrystalline WC specimens is
SP empere . %onsidered to be negligible due to the crystallite size of a few
low- and high-energy irradiation, respectively.

; ; . micrometers which is much larger than the positron diffusion
Measurements after isochronal annealing from ambient

temperature to 1300 K with 100 K stéannealing time 1 h lengthD;~100 nm(Refs. 18 and 1Rin defect-free crystals.

) ; After irradiation with electrons of the energyg,;=1.0
were pe_rformed on the irradiated WC comp9$m£C-HM) MeV a single-component spectrum with a positron lifetime
under high vacuum of a pressure lower than 4@a. —

7= 7,=135-137 pdower than that before irradiation occurs
(Table IlI, Fig. 2. This most striking feature of the present
lll. RESULTS AND DISCUSSION studies is in contrast to the irradiation of initially defect-free
16 H 3,14,17 i~hi H
In the WC powder and the sintered WC specimens similalmt?talsb semmonductoré_, or .st0|c_h|ometr|c metal
oxide$® where the positron lifetime increases due to

values of the mean positron Ilfepmec 140-144 ps occurin 4 qiation-induced vacancies. After irradiation with electrons
the as-prepa@d state whereas in the WC hard-metal compogy higher energy E,=2.5 MeV) the mean positron lifetime

ite (WC-HM) 7 is slightly higher(Table ). These values of s higher than after low-energy irradiation and similar to the
are significantly lower than the mean positron lifetimme value measured prior to irradiatidifable 1I).

=155-176 ps observed in the group IV and group V For an assessment of the dependence on electron energy
transition-metal carbidesee Refs. 12 and 17 the types and concentrations of defects generated by electron

TABLE II. Positron lifetime components; and 7, with relative intensityl, (I;=1-1,) and mean
positron lifetimer in electron-irradiated tungsten carbidespecimens WC-SNT1, WC-HMThe irradiation
was performed with the electron energies=1.0 MeV andE,=2.5 MeV and the dose®;=1.8x 10?3 and
®,=1.2x10? m ? at the temperaturg;,, .

Specimen Energy, dose  T;,; [K] 71 [ps] T I, [%] 7 [ps]
WC-SNT1 E,, d, 200 1351 0 1351
WC-HM E., &, 200 1361 0 1361

WC-HM E,, ¢, 80 1372 40040 3.8:1 147+2
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FIG. 1. Ratio of the number of counts in the positron lifetime
spectra measured on tungsten carbide beftNig {epared and af- 160 [ ]
ter electron irradiation at 200 KN, agiateq) With an electron en- m - ° T
ergy of E;=1.0 MeV and electron dose 6b;=1.8x 10?3 m2 e 1
versus timet. The change of the ratii agiated/Nas prepared from ° 10l h
above unity to below unity at about 0.4 ns demonstrates that after I
electron irradiation both short, and long lifetimer; and r, com- [
ponents(specimen WC-SNT1, see Tabledissapear and an inter- -
mediate component, (specimen WC-SNT1, see Table Hppears. 120 - ]
| T
irradiation of WC have to be considered. For this consider- 100 I o h
ation the threshold energids; c=28 eV for the displace- S
ment of C atoms ani =42 eV for the displacement of W 400 600 800 1000 1200 1400
atoms determined by electrical resistivity measurement on Ta (K)

TaCy21 may be used because of the similar physical proper-
ties of TaC and WC and the similar atomic masses of the FIG. 2. Intensitiesl; (0J) andl; (¢) and positron lifetime
metallic components. In the case of 1-MeV electrons thecomponentsry (O), = (O) and mean positron lifetime (@)
maximum energy transferred & W atoni? ET%*=23 eV is  in electron irradiated WCE;=1.0 MeV, ®;=1.8x10" m™?)
well belowEg y so that no vacancies on the W sublattice butversus annealing temperatifg. On the right-hand side the com-
on the C sublattice only are be generated. ponent |nten5|t|gs and the positron lifetimes for as-prepared
The concentrationgy=oy® of irradiation-induced va- WC-HM are depictedspecimen WC-HM, see Table)lIThe ex-
cancies atT=0 K are calculated from the total electron perimental uncertainties are described by the sizes of the symbols.
doses and the displacement cross sectigngvhich depend
on the threshold energidsy (Ref. 21 (see Table Ill. The cancies in WC appears to be significantly lower than that in
calculation shows that the irradiation with a high dose of 1tungsten vacanciesr{=160 pg in qualitative agreement
MeV electrons gives rise to a high concentration of carborwith the theoretical predictions. The theoretically deduced
vacancies well above the limit of saturation of positronsdifference of the positron lifetimes in the two types of va-
(Table Ill) and, therefore, well above the concentration ofcancies is even higher which might be due to the simplified
metallic vacancies prior to irradiation. Hence the single posiattice structure used in the calculatidfis'he enhanced pos-
itron lifetime componentr;=136=3 ps observed in this itron lifetime in V\, compared td/: can be attributed to the
state has to be attributed to positron trapping and annihilatiotower electron density at the nearest-neighbor sites of the
in carbon vacancie¥ . tungsten vacancy which are occupied by carbon atoms ex-
Therefore the positron lifetime; =136 ps in carbon va- clusively whereas the carbon vacancy is surrounded by tung-

TABLE lll. Calculation of irradiation-induced vacancy concentratiagsfor the W and C sublattices in
tungsten carbideET®*: maximum transferred energf,: threshold energy for atomic displacemeat;:
displacement cross section.

Sublattice in which Energy Dose
vacancies are of incident electronsof incident electrons
produced [MeV] [m2] ET®[eV] Eq[eV] oy [barm cy [ppm]
w 1.0+0.1 (1.8£0.2)x 107 23+2 (422 0 0
C 1.0-0.1 (1.8£0.2)x102 37040 (28?2 (252  450+100
W 2.5+0.2 (1.2£0.1)xX10%% 10010 (42?2 (83®  100+30
C 2.5-0.2 (1.2£0.1)x10%? 1600+=100 (28?2 (252  30+10

8Reference 21.
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sten atoms with a higher electron density. reappears indicating that the vacancy concentration decreases
In this context one also should point out that the positrorbelow the threshold of saturation trapping of positrons.
lifetime in the carbon vacancies of WC is about 20 ps shorteherefore the 800 K stage is attributed to the annealing out
than the value measured in carbon vacancies in tantalum caof carbon vacancies presumably by long-range migration.
bide TaG gg (Refs. 12 and 1)7(Table Ill). On the one hand, This interpretation is supported by the observation of an
this arises from the different sizes of the carbon vacancy irorder-disorder transition on the C sublattices of Nkz®d
these compounds. The volume of 0.01 %hof the vacant TaC, (Refs. 5 and 2Bin the same temperature regime which
triangular prism formed by six metal atoms in WC is by arequires a substantial vacancy mobility. Radiation induced
factor of 1.4 smaller than the volume of the vacant octaheearbon and metal interstitials are supposed to migrate at
dron in cubic TaGgg (lattice parametemg;=0.4456 nm  much lower temperatures at 80 and 175 K, respectively, as
which is also formed by six atoms. The electron density inconcluded from annealing studies of the electrical resistivity
the carbon vacancy of WC is further enhanced in comparisonf TaC, after electron irradiatioA?
to TaC due to one additional valence electron of the W atom. The migration of carbon vacancies above 800 K may give
Considering the irradiation experiment with 2.5 MeV rise to the formation of small carbon clusters. These clusters
electrons, vacancieé: andV,, on both sublattices are gen- could be dissolved during further annealing in the 1200 K
erated as shown in Table Ill. Although in this case the carborstage. After complete annealing out of the carbon vacancies a
vacancy concentration is lower than the total concentratiopositron lifetime spectrum similar as in the as-prepared state
of as-prepared and irradiation-induced metal vacancies, theccurs with partial positron annihilation in the free state
componentr; = 137 ps characteristic of carbon vacancies oc{componentry), in W vacanciegcomponentr;), and in va-
curs. This indicates that competitive positron trapping incancy agglomerate&omponentr,, see Fig. 2 In conclu-
metal vacancies is small and therefore that the specific tragsion, the present positron lifetime studies of WC after irra-
ping rate of metal vacancies is considerably lower than thatliation with electrons of various energies have led to the
of carbon vacancies. The fact that the long-lived componenidentifiation of the carbon and metal vacancies with charac-
T, still occurs after high-energy irradiation in contrast to theteristic positron lifetimes.
case of low-energy irradiation may arise from the reduced

trapping rate of vacancies in the former case due to the lower
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