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Purpose: The investigation of mechanical properties of boron phosphide thin film coatings
prepared by PECVD.

Design/methodology/approach: The hardness of the films was determined by nano-
indentation. The fracture toughness was measured by Vickers indentation and the yield strength
of the films on ZnS and <100> silicon substrate was measured by a simplified form of the
spherical cavity model.

Findings: The measured mechanical properties indicate that boron phosphide coatings have
potential engineering applications beyond protecting infrared substrates from sand erosion in
aerospace environments.

Research limitations/implications: Their mechanical properties are comparable to those of
DLC and Si-DLC films, in addition to their superior corrosion and sand abrasion resistance.

Practical implications:
Originality/value: Experimental data on the mechanical properties of boron phosphide

coatings that indicate their surface protection promise in engineering applications.
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1. Introduction

Boron phosphide (BP) coatings hold promise for wear
and erosion protection of engineering components that
could include automotive, tribological and aerospace
applications .The present authors and others in the
literature [1-4] have evaluated the corrosion, wear and
physical properties of Boron Phosphide films prepared by

plasma enhanced chemical vapour deposition (PECVD)
and other methods. Boron phosphide (BP) films are
currently used to enhance the abrasion resistance of infra-
red transmitting substrates for aerospace applications [5-7].
Diamond like carbon films have also been evaluated for the
same application. The results of Sand/wiper abrasion test
have indicated that BP is more resistant to sand abrasion
than DLC films [8]. This implies that BP films have
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a potential as protective coatings. BP is harder than the
typical impinging sand particles [3,9,10], giving it the
ability to provide protection against particle erosion.
Another major limitation with DLC films is the intrinsic
residual stress. This residual stress puts a thickness limit of
about lpm thickness on DLC coatings, after which
adhesion failure starts to occur. DLC films also have a limit
on their thermal stability of about 250°C. However, before
BP films can be deployed in service in any of the above
areas, there is a need for a thorough investigation of the
following properties of the films as a function of
preparation conditions; hardness, fracture toughness and
yield strength.

2. Experimental investigation

The BP films were prepared by a Nordiko PECVD
facility located at Thales Optronics, Glasgow, Scotland,
U.K. The precursors gases used for the deposition on ZnS
and <100> silicon substrates were diborane (B,Hg) and
phosphine (PH3), diluted in hydrogen gas, which served as
the carrier gas. Argon gas was used to initiate and maintain
the plasma during the deposition process at an rf frequency
of 13.56 MHz. The chamber pressure was maintained at
30 mTorr and the substrate temperature during deposition
was 350°C. The diborane flow rate was held at 15 sccm,
whilst the phosphine flow rate was varied from 60 sccm to
90 sccm in 5 sccm increments. The deposition conditions
are as shown in Table 1.

Table 1.
The gas flow rates used during the deposition of the boron
phosphide coatings

Diborane flow Phosphine flow  Ratio PH;/B ,H
rate (sccm) rate (sccm) 6
15 55 3.7
15 60 4.0
15 65 4.3
15 70 4.7
15 75 5.0
15 80 53
15 85 5.7
15 90 6.0

A Hitachi S- 4100 SEM was used for the examination
of the BP films at magnifications that ranged between 20x
and 5,000x. A combined AFM and Nano-indenter,
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Nanoscope III scanning probe microscope manufactured by
Digital instruments was used for further surface
characterisation and hardness measurements. The nano-
indentation was performed with a Berkovich diamond tip at
a load of 5000 uN. The Berkovich diamond is a three-sided
tip, with a face angle of 63.5 degrees and a projected area
A = 2.5 h,, where h, is the contact depth. The Young’s
modulus of the investigated films was determined by nano-
indentation. XPS investigation was carried out with a VG
Escalab 200D spectrometer with a HSA analyser. Mg K,
X-ray was used for the excitation at energy of 15 keV and
an emission current of 20 mA. The elemental sensitivity
was about 0.1 atomic % and the pressure during the
examination was better than 8 x 107" mbar. A range of
boron phosphide films with different phosphine (PH;) flow
rates was used for the fracture toughness measurement. The
films were deposited on ZnS and <100> silicon substrates.
We used a Vickers indenter which is a four-sided diamond
pyramid with a face angle of 136°. This tip was attached to
a Shimadzu Micro Hardness Tester of type M. An inden-
tation time of 5 seconds with loads ranging from 5 N to
6.8 N was applied to the film surface, sufficient to initiate
cracks from corners of the indentation area. Omnimet
3 software from Hitachi was used at magnifications of
200x to 1000x to measure the crack length.

Table 2.
Surface roughness of the BP films for different PH; flow
rates

B,H; flow rate PH; flow rate Roughness R,
[scem] [sccm] [nm]
15 60 7.9
15 65 9.1
15 70 17.5
15 75 14.9
15 80 44
15 85 10.5
15 90 15.6

3. Results and discussion

AFM images of the deposited BP thin films coatings are
shown in Fig. 1. The growth mode seems to be dominated
by surface globules, with the regions between the globules
containing nano-porosities. The surface roughness is
calculated using the AFM images with a 10x10um lateral
scale. All data are shown in Table 2.
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Fig. 1. AFM images of the BP surfaces at different PH3 flow rates
Table 3.
Relative % atomic concentration and binding energies-BP
PH; B P P:B
[sceml BlsBE. at.% wt.% P2p BE. at. % wt. % at.% wt.%
60 187.8 36 16 64 94 1.78 3.9
75 187.9 47 24 53 94 1.13 4.0
90 187.9 48 24 52 93 1.08 5.6

The results of the XPS investigation on the prepared
films are summarised in Table 3. All of the BP films
investigated were found to be non-stoichiometric, with a B/P
ratio greater than one.

The results of the nano-indentation tests on the BP films
are shown in Fig. 2. The average hardness of the BP films in
the composition range examined was 14.7 GPa with a stan-
dard deviation of 3.6 GPa. The films showed a decreasing
hardness of ~ 0.3 GPa per sccm as the phosphine flow rate
during deposition was increased from 60 to 90 sccm. This
could be associated with a relative increase in P-P bonds,
compared to B-P and B-H bonds. Boron is known to form
hard and wear-resistant compounds.

The reduced elastic modulus of the films had an average
value of 170 GPa for phosphine flow rates between 60 and
65 sccm, and an average value of 140 GPa for phosphine
flow rates between 70 sccm and 90 sccm. These values are
comparable to the reported values of hardness of 25-30 GPa
and reduced elastic modulus values of around 164 GPa for
Diamond-like carbon (DLC) films [11].

We used the relationship below from Anstis et al. and
others [12,13] to evaluate the K;c values.

1/2
cond 212
H c3/2

where: o = 0.016 is a constant for a Vickers tip and
depends on the geometry of the indenter, E is the elastic
modulus and H the hardness of the film. The applied load is
given by P and the measured crack length is c. The hardness
measurement from the nano-indenter was used in the
calculation to minimise substrate interference from the
macro-indentation with the Vickers indenter. We used an
average of data from 10 indentations for each sample.

The results of the K;c measurements on the BP films are
given in Table 4, below. As shown in Table 4, the average
fracture toughness of the boron phosphide films is
2 GPa/m %3, which is comparable to values previously
reported for other wear resistant protective coatings by other
researchers in the literature as shown in Table 4, except TiN.
A. Roman et al [16] obtained K values of 1.5 GPa/m®’ on
nickel phosphorus films and Field [17] previously reported
K¢ values of 1.3 GPa/m®’ for BP films. There was little
variation between the fracture toughness obtained on ZnS
and silicon substrates for the BP films.
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Fig. 2. Hardness of BP films prepared for phosphine flow
rates between 60 and 90 sccm obtained by Nano-
indentation

Table 4.
K¢ values for each PH; flow rate
Phosphine flow rate Fracture toughness,
60 2.7
70 2.0
80 2.0
90 1.9
DLC (14) 1.4
TiN (15) 4.51
NiP (16) 1.5
BP (17) 1.3

The yield strength was measured using the same indenter
used for fracture toughness tests. A range of loads was used
to introduce the plastic zone circumferential cracking around
the indentation zone, as shown in Figure 3. The width of the
outer shear bands shown in Figure 3 was measured. The yield
strength was calculated using a simplified form of the
Johnson spherical cavity model [18-20], given by

c=pp/2ns | @)

where:

P - applied load,

G, - yield stress,

C - plastic zone radius.

The measured width and hence plastic zone radius is
plotted against the square root of the applied load as shown
in Fig. 4 for BP films deposited on ZnS substrates obtained
by the spherical cavity model. The yield strength oy is
extracted from the gradient of this plot multiplied by the
relevant constants. The average value of the yield strength
obtained by the spherical cavity model is 3 GPa. The value
of the yield strength obtained is less than those reported for
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Si-DLC [21] of 7.5 GPa and TiN of 12.5 GPa [22]. This
might be due to nano-porosities on the surface of the
deposited BP films.

Fig. 3. A typical circumferential cracking zone around
indents observed on the BP films deposited on ZnS
substrates
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Fig. 4. The measured width or plastic zone radius is plotted
against the square root of the applied load

4. Conclusions

In summary we provide experimental data on the
mechanical properties of Boron Phosphide coatings that
indicate their surface protection promise in engineering
applications. Their mechanical properties are comparable
to those of DLC and Si-DLC films, in addition to their
superior corrosion and sand abrasion resistance.

Acknowledgements

We acknowledge the provision of Boron phosphide
coatings for this investigation from Saul Doherty (Thales
Optronics, Glasgow, Scotland, U.K) and David Haddow

(formerly of Thales Optronics, U.K).



Additional information

Selected issues related to this paper are planned to be
presented at the 22™ Winter International Scientific
Conference on Achievements in Mechanical and Materials
Engineering Winter-rAMME’2015 in the framework of the
Bidisciplinary Occasional Scientific Session BOSS2015
celebrating the 10™ anniversary of the foundation of the
Association of Computational Materials Science and
Surface Engineering and the World Academy of Materials
and Manufacturing Engineering and of the foundation of
the Worldwide Journal of Achievements in Materials and
Manufacturing Engineering.

References

[1] A.A. Ogwu, T. Hellwig, Boron Phosphide protective
coatings for hazardous radioactive waste and geo-
thermal power applications, International Journal of
Electrochemical Science 9 (2014) 8299-8399.

[2] A.A. Ogwu, T. Hellwig, D. Haddow, S. Doherty,
K. Moellman, F. Placido, Surface characterization and
surface energy measurements on boron phosphide films
prepared by PECVD, Proceedings of SPIE-The
International Society for Optical Engineering 5786
(2005) 365-372.

[3] D.W. Wheeler, RJ.K. Wood, Solid particle erosion
behaviour of CVD boron phosphide coatings, Surface
and Coatings Technology 200 (2006) 4456-4461.

[4] S. Dalui, S. Hussain, S. Varma, D. Paramanik, R.K. Pal,
Boron phosphide films prepared by co-evaporation
technique: Synthesis and characterization, Thin Solid
Films 516 (2008) 4958-4965.

[5] D.R. Gibson, EIM. Waddell, M. Wilson, K. Lewis,
Ultradurable phosphide-based antireflection coatings
for sand and rain erosion protection, Optical Engi-
neering 33/3 (1994) 957-966.

[6] E.M. Waddell, D.R. Gibson, M. Wilson, Sand impact
testing of durable coating on FLIR ZnS relevant to the
LANTIRN E-O system window, Proceedings of SPIE-
The International Society for Optical Engineering 2286
(1994) 376.

[71 C.R. Seward, E.J. Coard, C.S.J. Pickles, J.E. Field, The
liquid impact resistance of a range of IR- transparent
materials, Wear 186-187 (1995) 375.

[8] E.M. Waddell, D.R. Gibson, M. Wilson, Broadband IR
transparent rain and sand erosion protective coating for
the F14 aircraft infrared search and track germanium
dome, Proceedings of SPIE-The International Society
for Optical Engineering 2286 (1994) 364.

[91 G.H. Jilbert, J.E. Field, Optimum coating thickness for
the protection of zinc-sulfide and germanium substrates
from solid particle erosion, Wear 217/1 (1998) 15.

[10] P.H. Shipway, .M. Hutchings, The role of particle
properties in the erosion of brittle materials, Wear 193
(1996) 105-113.

[11] J. McLaughlin, P. Maguire, A. Ogwu, R. Lamberton,
J.F. Zhao, P. Lemoine, Ultra-thin film deposition and
characterisation of 10nm amorphous carbon layers for
applications in magnetic storage devices, International
Journal of Modern Physics B 14/2-3 (2000) 167-180.

[12] G.R. Anstis, P. Chantikal, B.R. Lawn, D.B. Marshall,
A critical evaluation of indentation techniques for
measuring fracture toughness: I, direct crack measure-
ments, Journal of the American Ceramic Society 64/9
(1981) 533.

[13] J. Gung, W. Si, Z. Guan, Effect of load-dependence of
hardness on indentation toughness determination for
soda-lime glass, Journal of Non-crystalline Solids 282
(2001) 325-328.

[14] P. Kodali, K.C. Walter, M. Nastasi, Investigation of
mechanical and tribological properties of amorphous
diamond-like carbon coatings, Tribology International
30/8 (1997) 591-598.

[15] W. Feng, D. Yan, J. He, G. Zhang, G. Chen, W. Gu,
S. Yang, Microhardness and toughness of the TiN
coating prepared by reactive plasma spraying, Applied
Surface Science 243 (2005) 204-213.

[16] A. Roman, D. Chicot, J. Lesage, Indentation tests to
determine the fracture toughness of nickel, Surface and
Coatings Technology 155/2 (2002) 161-168.

[17] E.J. Coad, J.E. Field, Liquid impact resistance of CVD
diamond and other infrared materials, Proceedings of
SPIE-The International Society for Optical Engineering
3060 (1997) 169-180.

[18] K.L. Johnson, The correlation of indentation experi-
ments, Journal of the Mechanics and Physics of Solids
18/2 (1970) 115-126.

[19] K.L. Johnson, Contact Mechanics, Cambridge Univer-
sity Press, 1985.

[20] D. Kramer, H. Huang, M. Kries, J. Robach, J. Nelson,
A. Wright, D. Bahr, W.W. Gerberich, Yield strength
predictions from the plastic zone around nanocontacts,
Acta Materialia 47/1 (1999) 333-343.

[21] A.A Ogwu, T. Coyle, T.I.T. Okpalugo, P. Kearney,
P.D. Maguire, J.A.D. McLaughlin, The influence of
biological fluids on crack spacing distribution in Si-
DLC films on steel substrates, Acta Materialia 51
(2003) 3455-3465.

[22] T. Ohmura, S. Matuoka, Evaluation of mechanical
properties of ceramic coatings on metal substrate,
Surface and Coatings Technology 169-170 (2003) 728.

READING DIRECT: www.archivesmse.org



