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Abstract 

Data in the literature on the effect of grain size d in the range from cm to nm on the flow- 
stress of WC are evaluated, including nanocrystalline materials prepared by a special pulsed 
laser ablation method. Three grain size regimes were identified: (a) Regime 1, d=10'" to 0.5x 
10"* m, (b) Regime II, d=0.5xlO"'-10'' m and (c) Regime III, d<10'' m. Grain size hardening 
occuaed in Regimes I and H and softening in Regime III. Both straight and tangled dislocations 
were obser\'ed in Regime I. The major influence of grain size in Regime I could result from 
either its effect on the total dislocation density or the pile-up of dislocations. Insufficient data 

.'are available for Regime I! to draw any positive conclusions regarding the governing 
■ mechanism. Analysis of the grain size softening in Regime III according to our grain boundary 

shear model yielded a reasonable activation volume, but a lower-than-expected activation 
energy; The lower energy could be due to the presence of the amorphous NiAl film at the grain 
boundaries, employed to obtain the nanocrystalline grain size. 

Introduction 

Reducing the grain size of crystalline solids provides the potential of increasing their 
strength and/or their ductility. This subject has become of special importance in recent years 
because of the development of methods for producing materials with grain sizes in the 
submicron and nanometer range. In prior work the present authors investigated the mechanisms 
responsible for the effect of grain size from millimeters down to nanometers on the flow stress 
of FCC Cu [1] and CPH Zn [2,3]. Three grain size regimes were identified: (a) Regime I, 
d=:10''-10'' m, (b) Regime H, d=10''-10'' m and (c) Regime III, d<10'' m. Grain size hardening 
occurred in Regimes I and 11 and grain size softening in Regime III. Intragranular dislocations 
were proposed to be active in both Regimes I and II, but only grain boundary shear in-Regime 

, III. Grain boundary shear had previously been proposed for the grain size softening reported for 
a number of metals and compounds [4]. The existence of grain size softening in materials with 
a nanometer grain size has however been questioned [5] in view of possible imperfections in 
such materials produced during processing including te.xture, a non-uniform grain size and 
porosity. However, the Zn films considered in Refs. 2 and 3, were produced by a special pulsed 
laser ablation-vapor deposition technique [6] which gave material free of such undesirable 
features ("artifacts") and confirmed grain size softening in nanoci7Stalline materials. 

"Artifact-free" tungsten carbide (WC) films have recently been produced using a novel 
processing technique [6, 7], whereby pulsed laser deposition of WC in conjunction with a few 
monolayers of NiAl is used to control the grain size in the range of 6 to 35 nm. Microstructures 
of the WC films observed by HRTEM are shown in Figs. I. To be noted is the uniform and 
texture-free (indicated by electron diffraction) nanometer grain size with no evidence of 
porosity, but with an amorphous layer of NiAl atoms at the grain boundaries. The hardness H of 
the films was measured employing a nanoindentation technique [8]. These hardness values 
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along with data in the literature provided the opportunity to evaluate the effect of grain size 
over a wide range on the flow stress of WC. This then was the objective of the present paper. 

WC grains 

amotphoiisNiAl 

Fig. 1. HREM micrographs of a WC film fabricated by pulsed laser ablation. From Venkatesan 
etal.[7]. 

Data 

The cr>'Stal structure of WC is simple hexagonal (Fig. 2) with lattice constants a=0.2906 
nm and c=0.2837 nm giving c/a=0.976. The dominant slip system is {10T0}[11 23], i.e. plastic 
deformation occurs by slip on the prism plane by the motion of dislocations with a Burgers 
vector b=c+a=4.06xl0-"' m (i.e. b=l/3 [11231} [10-12]. The 1/3[1123] dislocations are 
dissociated into two partials, each with b=l/6[ll 23] separated by a stacking fault. As pointed 
out by Hibbs and Sinclair [11], the 1/6 [1123] partial Burgers vector could also give rise to 
b=[0001] and b=l/3[ll 20], but these reactions would be energetically less favorable than for 
dislocations with b=l/3<l 1 23> to dissociate into b,=b;=l/6<l 1 23>. Further, since the <0001> 
directions are the only vectors common to more than one prism plane, cross slip becomes a 
difficult process. 

■BK. 

o • V.'  atoms 
c » C   atoms 

Fig. 2. Crystal structure of WC. 
Thesolidsymbolsdefine 
the unit cell. 
From Exner [9]. 

Fig. 3. TEM of the deformed region around an 
indentation in a WC-6 wt. % Co alloy 
showing the movement of the dislocations 
in the carbide grain. From RowclifFe et al [16]. 
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The slip lines in deformed WC single crystals are relatively straight and a high density 
of stacking faults exist [11]. The Knoop hardness (KNH) values measured by French ar»d 
Thomas [12] on the basal plane varied only slightly with orientation, ranging from 22 GPa to 
24 6 GPa at room temperature. In contrast, marked anisotropy occurred for measurements on 
the prism plane, the KHN values ranging from 9.8 GPa to 23.5 GPa. Lee [13] reported KHN 
values of 7.5 GPa to 17.5 GPa for measurements on the prism plane and 19 GPa on the basal 

' olane In comparison, he obtained a value of 23 GPa for polycrystalline WC prepared from 
: -IxlO"' m size powder by hot pressing. A value of 18 GPa was reported by Miyoshi and Hara 
" ri4] for polycrystalline WC with a grain size dalO'' m. 

The deformation produced by indentation of the WC grains in cemented tungsten 
carbides (i.e., WC-Co alloys) is similar to that in polycrystalline WC prepared without a binder 
[15 16]; an example of the dislocation structure in a WC-Co alloy is given in Fig. 3. In 
cot^pression tests, the initial density of straight dislocation p=:lO'^ m"' in the as-sintered WC 
grains multiplied and then took on a more complex arrangement. Fig. 4. Stacking faults were 
obser^'ed in both the as-sintered and deformed conditions. 

toC-piimj 

Fig. 4. Dislocation structure in a WC-Co alloy deformed -1% in compression. 
From Sarin and Johanneson [17]. 

Lee and Gurland [18] established the following relationship for the hardness H.- of 
cemented carbides 

Hc=HwcVwcC+H„(l-VwcC)      kg/mm' (1) 

where Hwc=1382+23.ld»c is the hardness of the carbide phase, dwc is the carbide particle 
size, Vwc its volume fraction, C its contiguity and H„=304+12.7>.-"^ is the hardness of the 
binder phase, X is the binder mean free path. Hence, knowing R., dwc, Vwc. C and X for a given 
composite, one can calculate the value of Hwc as a function of dwc- Hwc can also be obtained 
by extrapolating He vs Co content to zero Co. ,   , „ ,^ . . j 

A Hall-Petch plot of the effect of grain size dwc on the hardness H of WC is presentea 
in Fig. 5. The solid squares represent the laser ablated films corresponding to Fig. 1. For the 
compression tests. H=3c, where c is the yield stress.The plot reveals three regimes: (a) Regime 

■I, d-"'=(0-1.5)xl0' m-"'. (b) Reeime II, d-'"=(I.5-9)xlO' m""' and (c) Regime III, d>9xl0 m 
"-. All of the data however lie within the range of the hardness of single crystals deformed by 
{10l0}<ll 23> slip. Fig. 6 gives a log-log plot of the flow stress c=H/3 vs. the carbide grain 
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size for the same data as in Fig. 5. Again, three regimes are indicated, all within the bounds of 
the stress for slip in single crystals. 
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Fig. 5. Hall-Petch plot of the effect of grain size on the hardness of WC. Data from Refs. 13, 
18-25. Filled symbols are from polycrystalline WC, open symbols from WC-Co alloys. 
Filled squares correspond to material with microstructure given in Fig. 1. (H) is hardness 
test, (C) is compression test. 
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Fig. 6. Log flow stress o vs. log grain size d of WC, same data as in Fig. 5. 
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Mechanisms 

Regime I: The effect of grain size on the hardness of \VC in this regime is in keeping 
with the Hall-Petch relation [26,27] o=Oi+kM.pd'"', where a, is the lattice friction stress, or the 
flow stress of single crystals, and kn-p the Hall-Petch constant representing the additional effect 
of grain boundaries. Two dislocation models have been proposed for the Hall-Petch equation: 
(a) the pile-up of dislocations at graiti boundaries [26-28] and (b) the excess of dislocations 
resulting from the reduction of the free slip distance by the grain size and the accomodation of 
slip in the vicinity of the boundaries, i.e. the work hardening model [29, 30]. The dislocation 
structure in Fig. 3 can be taken to support the pile-up model, while that in Fig. 4 the work 
hardening model. 

Of further interest are the rate controlling mechanisms pertaining to a; and kH.p, w-hich 
correspond to the effects of temperature and strain rate on these parameters. The effects of 
temperature on the hardness of single crystals of \VC, polycrj'statline WC (d\vc*l l^m) and 
cemented \VC-6 wt.% Co (d\vc=l Htn) ^^^ presented in Fig. 7. To be noted is that the hardness 
of the single crystals (which represents G\ and {1010}<1123> slip) has a strong temperature 
dependence beginning already at room temperature. In contrast, the hardness of the two 
polycrystalline materials e.\hibits a relatively weak temperature dependence up to about 600'C, 
following which a rapid decrease occurs. The strong temperature dependence is characteristic of 
a high Peierls-Nabarro stress, while the weak dependence is characteristic of an athermal 
process such as the long-range interaction between dislocations. The results in Fig. 7 along with 
the microscopy observations in Figs. 3 and 4 thus suggest that in the vicinity of room 
temperature a is governed by the thermally-activated overcoming of a high Peierls-Nabarro 
stress and that kn.p reflects either relatively athermal activation of slip in the neighboring grain 
due to a pile-up of dislocations or an increase in total dislocation density due to the grain 
boundaries. Some support that thermally-activated overcoming of the Peierls-Nabarro stress is 
rate-controlling in polycrystalline WC-Co alloys below nOO°C is provided by the low value 
(l0-50b') of the apparent activation volume \'=kT51nS/5a obtained in stress rela.xation tests 
[31]. 

Regime 11: In metals the separation of Regimes I and II corresponded to the absence of a 
dislocation cell structure in Regime II compared to its existence in Regime I [1-3]. The limiting 
cell,size Xc in metals and ceramics is given by [32] Xc=a,nb/a where as»23, a the uniaxial flow 
stress, n the shear modulus and b the Burgers vector. The line corresponding to this equation 
(taking b=4.06xl0'"' m and (.i=3/8E=265 GPa [33]) is included in Fig. 6. To be noted is that all 
of the data points representing Regime I lie to the right of this line and those representing 
Regime II to the left. This suggests that the complex dislocation structure shown in Fig. 4 may 
not occur in Regime II. More data are however needed to confirm that the separation of the two 
regimes is indeed defined by the occurrence or absence of a dislocation cell-type structure. 

The present authors are not aware of any data on the plastic deformation kinetics (i.e., 
the effects of temperature and strain on the flow stress) in Regime II in WC which could 
provide insight into the rate-controlling mechanism. Possibilities include: (a) overcoming the 
Peierls-Nabarro stress and (b) grain boundary shear produced by dislocation pile-ups, similar to 
what appeares to occur in Cu [I]. 

Regime III: The separation distance between dislocations due to their elastic interactions 

is given by [28] X,=-'-—(screw) and Xe= (edge) where x is the resolved shear stress, n 
2ifr 2r:(l-v)-c 

the shear modulus and v Poissons ratio. Hence, with decrease in grain size a limit will be 
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Fig. 8. Hardness vs. log WC grain size 
d for Regime III. 
Data from Venkatesan et al [7]. 

Fig. 7. Temperature dependence of the hardness of 
several tungsten carbide forms. WC crystal 
refers to single crystals; WC (fme)-6w/o Co 
to cemented carbide with ~1 (im grain size; 
Polycrystalline WC to sintered WC (d=l jim) 

without binder. LD indicates direction of the long    • 
a.\is of the Knoop indentor. From Lee [13]. 

reached whereby the required separation of dislocations will be larger than the grain size. The 
limiting separations for WC are given by the lines labeled X, and Xe in Fig. 6, taking b=4.06x 
10''° m, n=265 GPa, v=l/3 and T=O/5. They intersect the plot of log a vs. log dwc in the 
vicinity where grain size softening begins and thereby indicate that the deformation mode in 
Regime III is not by dislocations. The present authors propose that the plastic deformation 
mode responsible for the grain size softening in Regime III is grain boundary shear given by [4] 

3i„^^iI.jexp-[^] (2) 

where \ is the shear rate, 5 is the grain boundary width, VD=10" S"' the Debye frequency, d the 
mean linear intercept grain size, Tt=i:-Tc the effective shear stress, tc a critical or back stress, v 
the activation volume pertaining to the thermally-activated grain boundary shear event and AF 
the corresponding Helmholtz free energy. Normally, one expects that AF may be 
approximately equal to Qb, the activation energy for grain boundary diffusion. Assuming that 
Tjv'»kT, taking the logarithm of Eqn. 4 and rearranging, we obtain 

Xe= 
kT 
v" 

In ISvJ 
AF" 

'kTj + —Ind».c 
(3) 
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• Hence, providing TC=0 a plot of H(=3 V3 x) vs. log d should be a straight line whose slope yields 
v' and'intercept AF'. Such a plot is given in Fig. 8, from which one obtains v =3.8x10" m and 
AF*=101 kJ/moIe. The value of v' is reasonable. However, the value of AF* is much smaller 
than expected for grain boundary diffusion of either W or C in WC (-300 kJ/mole) [34, 35]. 
One possibility for the lower value of AF* for the present material is the amorphous NiAl layer 
deposited at the grain boundaries during the fabrication of the nanocrystalline WC films. 

Summary and Conclusions 

Data in the literature on the effect of grain size d in the range of nm to cm on the flow 
stress and corresponding microstructure of WC is evaluated. Included is nanocrystalline WC 
prepared usina a special pulsed laser ablation technique, which gave material free of 
"undesirable artifacts" and which exhibited grain size softening. The grain size data suggest 
three regimes: (a) Regime 1. d=10---0.5xlO-' m, (b) Regime II, d=0.5xlO -lO" m and (c) 
Reaime III, d<10'^ m. Grain size hardening occurred in Regime I and II and gram size softening 

in Regime 111. ..   „    .     ,     . .     r     .u       • 
Both straight and tangled dislocations were observed m Regime I and therefore the gram 

size hardening could result from either an increase in the total dislocation density with decrease 
in grain size or from the pile-up of dislocations. The flow stress data for Regime I fell within 
the boundary for which a dislocation cell structure is predicted. 

Only very limited data are available for Regime II so that no positive conclusion 
reoardina the governing mode or mechanism could be made for this regime. 

An analysis of grain size softening in Regime III according to our grain boundary shear 
model gave an activation volume in accord with predictions but a much smaller activation 
energy. The lower energy could be due to the amorphous Ni_Al layer at the WC gram 
boundaries, which was employed to establish the nanometer grain size. 
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