
ISSN 0021-8944, Journal of Applied Mechanics and Technical Physics, 2018, Vol. 59, No. 5, pp. 842–846. c© Pleiades Publishing, Ltd., 2018.

Original Russian Text c© A.I. Safonov, V.S. Sulyaeva, A.L. Bogoslovtseva, N.I. Timoshenko.

INFLUENCE OF PRECURSOR GAS FLOW RATE

ON FLUOROPOLYMER COATING GROWTH RATE

DURING HOT WIRE CHEMICAL VAPOR DEPOSITION

UDC 533.17: 541.64A. I. Safonova, V. S. Sulyaevab,

A. L. Bogoslovtsevaa, and N. I. Timoshenkoa

Abstract: The formation of a fluoropolymer coating by chemical deposition has been studied ex-

perimentally. It has been found that increasing the flow rate of the precursor gas leads to a decrease

in the growth rate of the coating. Deposition conditions were analyzed, and the gas-dynamic param-

eters of the process were estimated. The estimates are consistent with experimental data.
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INTRODUCTION

Fluoropolymer coatings are highly hydrophobic, chemically inert, biocompatible, and heat-resistant, and

have good dielectric and antifriction properties [1, 2]. High hydrophobicity of thin fluoropolymer coatings can be

used to intensify heat transfer during phase transformations [3–5]. Vapor phase chemical deposition of polymers

makes it possible to produce coatings of complex shape and obtain their new properties by fabricating nanoscale

structures [6, 7].

Deposition of fluoropolymers requires activation of the precursor gas, which can be carried out on the heated

surface of thin metal wires. In the English-language literature, this method is called hot wire chemical vapor

deposition (HWCVD). The HWCVD method can be used to obtain ultra-thin layers of insoluble polymers such as

polytetrafluoroethylene. The temperature of the substrate remains close to room temperature, which contributes

to the adsorption of film-forming materials [6–11]. Using IR spectroscopy, Rogachev et al. [9] have found that the

structure of the layers formed depends significantly on the rate of their growth. Yasuoka et al. [10] have shown

that the temperature and material of the activator have a major influence on the structure and properties of the

obtained coatings. The dependences of the deposition rate on the temperature of the activator and substrate and

on the pressure in the deposition chamber have been studied in detail by Safonov et al. [7].

This paper is devoted to the study of the previously observed increase in the growth rate of a fluoropolymer

coating with decreasing mass flow rate of the precursor gas G in the case of HWCVD at constant pressure.
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Fig. 1. Diagram of the working section of HWCVD: (1) precursor gas flow; (2) grid of hot wires
of the activator; (3) target; (4) substrate.

EXPERIMENTS AND EQUIPMENT

A series of experiments has been performed to determine the dependence of the growth rate of the thickness of

the fluoropolymer coating on the flow rate of the precursor gas (C3F6O) for fixed main parameters: the temperature

of the activator and the substrate, the geometric dimensions of the working area, the pressure of the precursor gas

in the deposition chamber, and the deposition time. A diagram of the working site is presented in Fig. 1. The

structure and thickness of the coatings obtained were determined by scanning electron microscopy using a JEOL

JSM6700F instrument.

Consider the processes occurring during activation of the precursor and its polymerization on the substrate.

Activation of precursor molecules occurs on the surface of the grid wires mainly due to the catalytic decomposition

of the molecule [10] and, to a much lesser degree, due to the interaction of the IR photons emitted by the wires

with precursor gas molecules [12, 13].

During deposition of fluoropolymers by HWCVD using hexafluoropropylene oxide (C3F6O) as the precursor

gas, the following main reactions occur on the activator and substrate:

C3F6O −−−−−−−→activation
:CF2 +C2F4O; (1)

2 :CF2 + (−CF2 − CF2−)n −−−−−−−−−−−→polymerization
(−CF2 − CF2−)n+1; (2)

2 :CF2−−−−−−−−−−→recombination
C2F4. (3)

Active radicals :CF2 form a polymer on the substrate surface [see (2)] or recombine [see (3)] upon collisions

in the gas and lose their ability to polymerize. The above main reactions determine the main characteristics of the

deposition of the fluoropolymer, primarily, the growth rate of the film [8, 10].

RESEARCH RESULTS AND DISCUSSION

The dependence of the growth rate of the thickness of the fluoropolymer coating on the main parameters of

the deposition process, taking into account the deactivation of the components upon collisions in the gas and the

properties of the obtained coatings have been studied previously [7, 14]. Further studies have shown that at constant

deposition parameters (the temperature of the activator and the substrate, the pressure of the precursor gas in the
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Fig. 2. Growth rate of the fluoropolymer coating h versus flow rate of the precursor gas G at
P ≈ 67 Pa (continual regime).

chamber and the geometric dimensions of the working section, the thickness of the deposited coating per unit time

increases with decreasing flow rate of the precursor gas in the chamber at a chamber pressure P � 66.7 Pa. The

obtained dependence of the rate of deposition of the fluoropolymer h on the flow rate of the precursor gas (C3F6O)

G is shown in Fig. 2.

Despite the fact that with increasing flow rate of the precursor gas supplied into the chamber, one would

expect an increase in the thickness of the coating h, the results of repeated experiments on deposition show that at

a pressure P ≈ 67 Pa, the growth rate of the thickness of the fluoropolymer coating decreases with increasing flow

rate G. The assumption of a decrease in activator temperature due to cooling by the moving gas was not confirmed.

The temperature of the activating grid was maintained constant regardless of the gas flow rate. Changes in the

properties of the activating surface were also eliminated by replacing the working areas of the activator and by

conducting tests. Similar dependences were obtained in [12], where they are explained by the formation of vortices

in the chamber, which allows repeated activation of precursor gas molecules at low velocities of the directional flow.

Estimates of the gas-dynamic parameters of the process obtained in this work show that the Rayleigh number

(Ra) calculated from the characteristic size of the chamber is Ra ≈ 100. This suggests the presence of only very

weak convective flows.

The gas flow velocities in the chamber are several centimeters per second, the Reynolds number (Re) deter-

mined from the characteristic size of the chamber is Re ≈ 50, and from the diameter of the activator wire, Re < 0.1,

which corresponds to laminar flow. Measurements of the deposition rate h were carried out with the introduction

of obstacles into the flow to eliminate the symmetry of the gas flow in the chamber and the initiation of vortex

formation. The measurements did not reveal significant changes in the dependence presented in Fig. 2. Thus, the

existence of vortices in the chamber in the regimes of gas motion used and their influence on the dependence of h

on G is in doubt.

Consider other possible reasons for the decrease in the deposition rate h with increasing flow rate G.

On the activator surface, there is heating of the gas flow. We estimate the gas temperature at different flow

rates. In accordance with the well-known Newton–Richmann dependence, the heat flux from the activator to the

gas q is given by

q = α(ta − tg)S,

where ta and tg are the surface temperatures of the activator and the gas, respectively, S is the activator surface

area, and α is the heat transfer coefficient. The values of ta, tg, and S are constant. The heat-transfer coefficient α is

determined from the dependence of the Nusselt number (Nu) on the Reynolds number calculated from the diameter

of the activator wire. For Re = 0.1–4.0 in the case of transverse flow around the cylinder [15], the Nusselt number

is

Nu = 0.99Pr 0.35 Re0.305 . (4)
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Fig. 3. Growth rate of the fluoropolymer coating h versus precursor gas flow rate G for P = 6.7 Pa
(free molecular regime).

We note that for this flow regime, the Knudsen number (Kn) determined from the flow parameters and the diameter

of the activator wire is less than 0.1. In this case, the flow past the wires is close to continual flow, which allows us

to use formula (4). Consequently, the Nusselt number, the heat-transfer coefficient α, and the heat flux from the

activator to the gas q increase with increasing gas flow rate and, hence the velocity u (according to the law u0.305).

At the same time, the gas flow rate G ∼ u and, hence, the change in the gas temperature Δt ∼ q/G ∼ u0.305/u =

u−0.695; i.e., the temperature of the gas decreases with an increase in its velocity (flow rate). Thus, with increasing

flow rate, the temperature at which the activated gas reaches the substrate decreases. The dependence of the rate

of the polymerization reaction on the temperature of the activated gas is described by the Arrhenius equation

k = A e−Ea/(RT ),

where k is the reaction rate constant, A is a coefficient, Ea is the activation energy, R is the universal gas constant,

and T [K] is the gas temperature.

Consequently, the rate of polymerization decreases with increasing gas flow rate C3F6O due to a decrease in

gas temperature provided the maintenance of the flow regime for which the above estimates are valid.

In addition, a decrease in the temperature of the gas in the flow leads to a shift of the equilibrium in the

radical recombination reaction (3) in accordance with the Le Chatelier principle toward a decrease in the number

of active radicals.

Thus, increasing the flow rate in the continual flow regime at velocities corresponding to Reynolds numbers

Re � 1 leads to a decrease in the gas temperature, resulting in an exponential decrease in the rate of polymerization

and the shift of the equilibrium of reaction (3) toward a decrease in the number of active radicals.

At a low pressure in the chamber (P = 6.7 Pa), the dependence of the deposition rate h on the gas flow rate

changes (Fig. 3). An increase of h due to an increase in the flow rate G is observed for values of h much smaller

than those shown in Fig. 2. For these flow parameters, the Knudsen number determined from the diameter of the

activator wire, Kn ≈ 3, which corresponds to the free-molecular flow around the wires. In this case, the number of

molecules that reached the activator and passed through it, is proportional to the flow velocity u. In this regime,

the average gas temperature in the flow does not change with increasing flow rate since the ratio of the number

of molecules reaching the hot wire to the number of molecules passing through the wire is determined only by the

geometry of the working section and remains constant. Consequently, in the free-molecular flow regime the gas at

different flow rates is heated to the same temperature. An increase of h is due only to an increase in the number of

activated molecules with increasing flow rate. The recombination conditions of active molecules during gas motion

to the surface are also unchanged. Hence, the polymerization rate does not change with a change in the gas flow

rate, and the amount of activated molecules increases in proportion to the flow rate. In this case, the values of h at

P = 6.7 Pa are much smaller than those at P = 67 Pa (Kn ≈ 0.3) (see Fig. 2), which corresponds to the balance

between the number of molecules reaching the activator and the number of molecules forming the film.
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CONCLUSIONS

It has been shown that increasing the flow rate of the precursor gas decreases the growth rate of the thickness

of the fluoropolymer coating. Factors responsible for this phenomenon were established and the dependence of the

coating growth rate on the gas flow rate were experimentally determined.

A simple model was proposed for the investigated phenomenon occurring during the deposition process under

the conditions considered. The processes leading to a decrease in the rate of polymerization in the continual flow

regime were determined. The transition from continual to free molecular flow leads to a significant change in the

nature of the dependence of the deposition rate on the flow rate of the precursor gas.

We are grateful to V. S. Berdnikov and A. K. Rebrov for useful discussions of the results and attention to

the work.

This work was supported by the Russian Science Foundation (Grant No. 16-19-10675).

REFERENCES

1. S. Ebnesajjad, Expanded PTFE Applications Handbook: Technology, Manufacturing and Applications (William
Andrew, Norwich, 2017).

2. V. M. Buznik, “New Nano- and Micro-Sized Objects Based on Polytetrafluoroethylene,” Ross. Nanotekhnol. 4
(11/12), 35–42 (2009).

3. A. R. Betz, J. Jenkins, C. J. Kim, and D. Attinger, “Boiling Heat Transfer on Superhydrophilic, Superhy-
drophobic, and Superbiphilic Surfaces,” Int. J. Heat Mass Transfer 57, 733–741 (2013).

4. N. Miljkovic, R. Enright, and E. N. Wang, “Effect of Droplet Morphology on Growth Dynamics and Heat
Transfer during Condensation on Superhydrophobic Nanostructured Surfaces,” ASC Nano 6, 1776–1785 (2012).

5. I. I. Gogonin, “The Effect of Wetting Angle on Heat Transfer at Boiling,” Teplofiz. Aeromekh. 17, No. 2, 261–267
(2010).

6. K. K. S. Lau, Yu Mao, H. G. Pryce Lewis, et al., “Polymeric Nanocoatings by Hot-Wire Chemical Vapor Deposi-
tion (HWCVD),” Thin Solid Films 501, No. 1/2 (2006). pp. 211–215; https://doi.org/10.1016/j.tsf.2005.07.208.

7. A. I. Safonov, V. S. Sulyaeva, E. Ya. Gatapova, et al., Deposition Features and Wettability Behavior of Fluo-
ropolymer Coatings from Hexafluoropropylene Oxide Activated by NiCr Wire,” Thin Solid Films 653, 165–172
(2018).

8. B. A. Cruden, K. K. Gleason, and H. H. Sawin, “Ultraviolet Absorption Measurements of CF2 in the Parallel
Plate Pyrolytic Chemical Vapor Deposition Process,” J. Phys., D: Appl. Phys. 35, 480–486 (2002).

9. A. A. Rogachev, P. A. Luchnikov, and A. V. Rogachev, “Formation of Nanoscale Films from a Gas Phase at
the Initial Stage of Growth,” Nanomater. Nanostrukt., No. 1, 35–44 (2010).

10. H. Yasuoka, M. Yoshida, K. Sugita, et al., Fabrication of PTFE Thin Films by Dual Catalytic Chemical Vapor
Deposition Method,” Thin Solid Films 516, 687–690 (2008).

11. A. I. Safonov, “Mass Spectrometry of Pyrolysis Products of Exafluoropropylene Oxide during Adiabatic Ex-
pansion of a Supersonic Jet,” Prikl. Mekh. Tekh. Fiz. 52 (3), 196–201 (2011) [J. Appl. Mech. Tech. Phys. 52
(3), 496–500 (2011)].

12. A. A. Uvarov and S. E. Aleksandrov, “Chemical Deposition of Polytetrafluoroethylene Films from Hexafluoro-
propylene Oxide,” Zh. Obshch. Khim. 83 (8), 1378–1384 (2013).

13. V. A. Dunyakhin, O. V. Kuricheva, V. V. Timofeev, and Yu. N. Zhitnev, “Decomposition of Hexafluoropropylene
Oxide in a Strong IR Field,” Izv. Ross. Akad. Nauk, Ser. Khim., No. 11, 2077–2308 (1995).

14. A. Safonov, V. Sulyaeva, K. Kubrak, et al., The Influence of Precursor Gas Pressure on Structure and Prop-
erties of Fluoropolymer Coatings by Hot Wire CVD,” EPJ Web Conf. 159 00042 (2017); DOI: 10.1051/epj-
conf/201715900042.

15. S. S. Kutateladze and V. M. Borishanskii, Handbook of Heat Transfer (Gosenergoizdat, Moscow–Leningrad,
1959) [in Russian].

846


	Abstract
	INTRODUCTION
	EXPERIMENTS AND EQUIPMENT
	RESEARCH RESULTS AND DISCUSSION
	CONCLUSIONS
	REFERENCES


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


