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Abstract The present study reports on the mechanical

and structural properties of W/W–C multilayered thin films

with bilayer periods K ranging from 2.5 to 100 nm. Films

were grown by reactive sputtering radio frequency on Si

(100) substrate. X-ray diffraction (XRD), grazing incidence

X-ray diffraction (GIXRD) and X-ray reflectivity were

used to globally characterise the multilayers structure.

Hardness and Young modulus have been determined using

nanoindentation with a Berkovich tip. The XRD and the

GIXRD diagrams revealed the presence of three phases:

WC1-x randomly oriented, W2C with (100) preferred

orientation and W with (110) preferred orientation. An

increase in hardness is observed with decreasing period K,

reaching a maximum value of *26 GPa at K = 2.5 nm.

Introduction

Multilayer films with nanometric periods are known to

improve the mechanical properties of thin film coatings by

increasing their hardness or toughness and by relaxing the

film stresses. They can also improve the tribological

properties by increasing the coating/substrate adhesion, the

load support and the resistance to crack propagation [1, 2].

Various models have been proposed to explain the hardness

enhancement such as dislocation pile-ups at interfaces or

grain boundaries [3]. Recently, Verdier [4] has reported a

modelling using dislocation dynamic simulation adapted to

the composite structure.

Transition metal carbides like tungsten carbide present a

high technological interest due to many of their specific

physical and mechanical properties [5]. Tungsten, in the

metal form, is another material frequently used due to its

high melting point temperature and high hardness [6]. The

combination of tungsten carbide and tungsten coatings to

form a nanolayers thin films system was then proposed in

this study.

In a previous work [7], we reported the deposition of

monolithic W–C obtained by radio frequency (RF) reactive

sputtering. The coating presenting WC1-x phase randomly

oriented exhibited a good structural and mechanical prop-

erties. Thus, the deposition conditions of this coating were

retained for the multilayers elaboration.

In the present work, we investigate the structure of this

multilayers and the impact of the periodicity (K = thick-

ness of neighbouring bi-layers of W–C and W) on the

mechanical properties of the W/W–C multilayers.

Experimental details

Coatings deposition

The multilayers are deposited on (100) oriented silicon

wafers by RF sputtering from a pure tungsten target W

(5 N). The samples are placed 7 cm away from the target

and heated to 150 �C (this temperature is required to obtain

a crystalline film). The overall sputtering pressure is fixed

at 0.25 Pa for all the experiments, and the sputtering RF

power is 200 W, leading to a –400 V self-bias. According

to the deposited layer, i.e. either W or W–C, the sputtering

gas was pure Ar or a CH4 ? Ar mixture, respectively. For

elaboration of WC layer, the percentage of CH4 was close

to 2% of the total pressure. The elaboration of W/W–C
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multilayers is operated in the same deposition step, the

change of single-layer material, i.e. from W to W–C or

from W–C to W, is obtained by switching on or off the

methane gas in the sputtering chamber.

A series of W/W–C multilayers are produced with peri-

ods (K) ranging from 2.5 to 100 nm, the total film thickness

is approximately 300 nm for mechanical studies and less

than 100 nm for X-ray reflectometry (XRR) studies.

Microstructural and mechanical characterizations

The crystallographic structure of samples was studied by

X-ray diffraction (XRD) (D8, Brucker). The both con-

ventional Bragg–Brentano and grazing incidence X-ray

diffraction (GIXRD) arrangements can be exploited. The

patterns are performed in the same conditions (step

size = 0.04�, time by step = 30 s).

The combination of GIXRD with h - 2h XRD is used

for evaluating crystallinity and characterizing the different

phases of WC (i.e. W2C, WC1-x and WC), which allows to

put in evidence the preferential orientations of the coatings.

The real period thickness, the interface roughness and

density of the multilayers are obtained by the simulation of

XRR diagrams with Refsim program.

Mechanical properties of the multilayers are determined

through hardness measurements, which are carried out

using a Hysitron triboscope nanomechanical system with a

maximal force equal to 10 mN. This device is connected to

a digital instruments D 3100 AFM. A pyramidal diamond

Berkovich tip is used for visualization and tests. Hardness

H is deduced from the Oliver and Pharr analysis method

[8]. In order to avoid the influence of the substrate, the

penetration depth is always kept below 10% of the layer

thickness. The applied force used for this is 1 mN. All the

data given in this study correspond to an average of 20

measurements.

Results and discussion

Structural study

Figure 1 presents the XRR diagrams of W/W–C multi-

layers with K = 2.5, 5, 8, 10, 15 and 20 nm.

For all the samples, Bragg’s peaks of multiple orders are

presented and confirm the composition modulation. Nev-

ertheless, the intensity of these peaks is more pronounced

in the case of the thin periods (i.e. K = 2.5, 5, 8 and

10 nm). Indeed, the number of interfaces in this case is

important (40, 20, 12 and 10, respectively), thus, Bragg’s

peaks of multiple order are more intense. Whereas in the

case of the thick periods (i.e. K = 15 and 20 nm), the small

number of interfaces (6 and 5) is responsible of the low

Bragg’s peaks intensity. Furthermore, the densities of the

monolayers WC (WC1-x (17.2), W2C (17.1)) and W (19.2)

are very close to precisely determine the number of period

(N) and to perform a good fits of the XRR diagrams. The

XRD patterns of W/W–C multilayers thin films are dis-

played in Fig 2. On all diagrams, the high relative intensity

of (110) W peak masks the other peaks. For this reason, we

have presented (on the right of Fig. 2) the enlargement of

the XRD pattern of the multilayer with K = 100 nm. This

diagram shows four peaks, which can be attributed to (100)

W2C, (111) WC1-x, (110) W and (200) WC1-x, respec-

tively, with Bragg angle values equal to 2h = 34.16�,

2h = 36.27�, 2h = 39.91� and 2h = 42.02�. The GIXRD

patterns corresponding are presented in Fig. 3. Two graz-

ing angles are chosen 0.5� and 1.5�. These angles allow to

analyze a depth of about 50 and 150 nm, respectively, in

W–C layer (depths calculated for WC1-x phase). Conse-

quently, for a period K of 100 nm, an angle of 0.5�
(Fig. 3a) reveals only tungsten carbide layer, while an

angle of 1.5� (Fig. 3b) allows to characterize both layers

(W/WC) corresponding to the period.

For comparison, the GIXRD diagram of monolithic W–

C film is presented too (Fig. 3c).

Like what we have presented in a previous work [7], we

considered that the relative intensities of the WC1-x are

different of these indicated in the powder diffraction file

20-1316. Indeed, we have demonstrated that in the
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Fig. 1 XRR patterns of [W/W–C]n multilayers for different periods

K = 2.5, 5, 8, 10, 15 and 20 nm
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structure of WC1-x (Fm3m like NaCl) the highest intensity

is for (111) reflection. So, Fig. 3c indicates that the WC1-x

phase is randomly oriented.

Clear diffraction peaks of W Wolfram [(110) (200) and

(210)] are observed in Fig. 3b, while in Fig. 3a only the

diffraction peaks of WC1-x [(111) (200) (220) and (311)]

are present like Fig. 3c corresponding to the W–C mono-

layer. GIXRD method characterizes the disoriented phase

crystallized or crystalline phases presenting a preferential

orientation with wide rocking-curve’s FWHM of some

degrees. The comparison between XRD and GIXRD pat-

terns shows that tungsten layers are crystallized in a cubic

structure with a {110} preferential orientation, whereas two

phases of tungsten carbide exist: the cubic phase WC1-x

randomly oriented and the hexagonal phase W2C with

{100} texture.

As a matter of fact, an epitaxial relationship can exist

between W2C and W. Indeed, the (100) of the hexagonal

structure W2C (a = 0.2997 nm, c = 0.4727 nm) presents

a lattice mismatch of 5.3% along [010] direction and 5.6%
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along [001] direction with the (110) of the cubic structure

W (a = 0.31648 nm). The absence of the peak (100) W2C

in GIXRD results shows the strong preferential orientation

but, in this case, the rocking curve of (100) W2C

(2h = 34.52�) is not realizable because of the two peaks of

diffraction: (111) WC1-x and (110) W, appearing in the

same range of 32�–39� (2h).

This explains the presence of the phase W2C in [W–C/

W]n multilayers while in monolayer only the WC1-x phase

was formed [7]. The W2C phase oriented according to the

preferential orientation (100) is localized at the interface as

in Fig. 4.

We make the assumption that the W2C layer is very thin

to keep oriented in W while the W layer presents a strong

disorientation.

So afterwards, for the characterization of the mechanical

properties of these multilayers, we do not take into account

the presence of W2C phase.

Mechanical properties

The hardness given is reported in Fig. 5. The hardness

increases with decreasing period thickness to go beyond

the rule-of-mixture (19.5 GPa) value for samples with

period thickness K B 100 nm. The maximum hardness

value (26 GPa), in the range investigated here, is obtained

for the smallest period thickness (i.e. 2.5 nm). Similar

behaviours have been reported for TiN/Ti, WN/W [9, 10].

This is in agreement with those studies [9, 10] where the

critical period thickness is found in the range of 2–3 nm.

Thus, deposition of samples with K less than 2.5 nm should

give more information about this aspect.

The hardness behaviour of multilayers with period in the

nanometre scale has been the subject of many investiga-

tions. In particular, in the range K B 100 nm, there are

some behaviours commonly observed for all the systems

studied. First, the hardness increases as the period

decreases until a critical value. The maximum hardness

obtained is, in all cases, greater than rule-of-mixture value.

Second, below this critical period, the hardness remains

constant or, in most cases, decreases as the period

decreases. The decrease of hardness is attributed to the lack

of multilayering character and the decrease of the com-

position modulation amplitude due to the mixing and the

inter-diffusion.

The explanation of hardness enhancement is based on

plastic deformation and more precisely on dislocation

motion: Hall–Petch and Orowan mechanisms of strength-

ening [11].

According to Misra et al. [12, 13], we can obtain lim-

iting values of microstructural scales at which these dif-

ferent mechanisms operate. This approach is based on

estimation of back stress due to misfit dislocations at

interfaces and pile up at boundaries grains.

This model presents an approach of deformation

mechanisms and only serves as guidelines. To construct

this model, we must use misfit strain, burger vector, shear

modulus and poisson’s ratio of the softer layer, which is

measured in monolayer samples or extracts to bulk data.

This sample map is in good agreement with experimental

data but more information as structural properties, differ-

ence of shear moduli will be done if we want to use this

model to a universal model.

We present these results in the form of two-dimensional

map of layers thickness h and grain size d ranges using the

experimental values of Young modulus of monolithic W
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Fig. 4 Structure of [W/W–C]n multilayers thin films
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and WC1-x. In our case, ignoring any possible strain

broadening contribution, an average grains size can be

estimated from the Scherrer formula from Figs. 2, 3. The

estimated W and WC1-x grain size is close to 10 nm. The

different deformation mechanism is shown in the map

(Fig. 6). The deformation occurs in the plastically softer

phase W, and hardening is due to the elastically stiffer

phase WC1-x. In this case, interfaces are considered

impenetrable, chemically sharp, which is not necessarily

the case of partially miscible layers like W and WC1-x. So,

the effect of gradual interface and composition profile on

the hardness behaviour is not considered.

Taking into account the grains size and the multilayers

period, the deformation mechanism is due to pile up dis-

locations effects at the interfaces. In our case, hardness

enhancement is due to a continuum pile up with a tungsten-

thickness dependence. The data give a better fit with

relationship similar to H ¼ H0 þ k � K�0:5:

For a large multilayer period, hardness (m1) is close to

tungsten hardness H0. We can compare hardening fit con-

stant (m2) to Hall–Petch computing constant using equation

k ¼ 0:2G
ffiffiffi

b
p

where b is the Burgers vector and G the shear

modulus of elastically stiffer phase. The result give k = 7.5

comparing to m2 = 6.2.

Conclusion

W/W–C multilayers with periods K ranging from 2.5 to

100 nm have been synthesized using reactive sputtering RF

The structure of the multilayers consists on the W prefer-

entially oriented (110) in the tungsten layer, a thin layer

constituted of W2C preferentially oriented (100) at the

interface and the WC1-x randomly oriented in W–C layer.

The appearance of the W2C phase is due to the low lattice

mismatch between the (100) planes of W2C and the (110)

planes of W. Hardness values are found to be larger than

the rule of mixture value (19.5 GPa); however, an increase

is observed with decreasing K, the maximum hardness

being 26 GPa obtained at K = 2.5 nm. This behaviour can

be explained by the Hall–Petch mechanism.
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