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Advanced detonation gun application
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The results of an investigation of the thermal spraying of aluminum oxide coating
using an advanced detonation gun are presented. The improvement of the gun consists in
the pulse compression of a detonating gas charge in the tube before a start of detonation
initiation. It allows feeding the gun by a mixture of propane with air, as a detonating gas,
instead of a mixture of propane with oxygen. A stainless steel substrate was coated by
Al,O5 using the developed pulse compression detonation gun. The adhesion and roughness
of the coating are shown as a function of thickness. The results of electron microscopic
investigation and microhardness measurements are presented.
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IIpencraBieHbl Pe3yAbTATHL MCCACIOBAHAA TEPMUUECKOTO HAIBIIECHNA IIOKPBITUA U3 OKCH-
I8 aJIOMUHHSA C IIOMOIIbIO YCOBEPIIEHCTBOBAHHON METOHAIIMOHHON IIYIIKU. ¥ COBEPIIEHCTEO-
BaHWe NOYUIKW B3aKJII0YaeTCsi B HMIYJLCHOM CXKATHN [IeTOHHPYIOILIEr0 I'asoBOTO 3apAna B
TpyOe Imepej HAYAJOM MHUIMHPOBAHUS IeTOHAIIMK. ITO IIO3BOJMJIO MCIIOJL30BATh B KAUeCTBe
IEeTOHUPYIOIIEr0 rasa CMeCh IIPOIIaHA C BOSLYXOM BMECTO CMECH IIPOIAHA € KHCJIOPOLOM.
Paspaborannoil mnyiabcupymolneii KOMIPECCHMOHHO-IeTOHAIIMOHHON IIYIIKOM HAHOCUJIOCH IIO-
kpertue Al,Og Ha HoAIOXKy 13 HepsKaseroleil cranu. IIpuBeJeHB 3aBHCHMOCTH Aa[Te3HH,
IIEPOXOBATOCTH MOKPBITHUSA OT TOJNIIUHBI. IIpeacTaBieHbl PesyIbTATHl 9JI€KTPOHHO-MHUKPOCKO-
MUYECKUX HCCIAEI0BAHNY M U3MEPeHUS MUKPOTBEPIOCTIH.

3acTocyBaHHS YHOCKOHAJEHOI NeTOHAIIHOI rapMaTry IJfA HANWJIEHHSI IIOKPHUTTIB 3
orucay aawminio. K.B.Kopumuenrxo, O.F0.Xixao, [1.0.Beaoycos, O.B.May, 0.0.Penixos,
II.Cendeposcvruii, I.I1. Ty6inin, A.B.Tumapenko.

ITpeacraBieno pesyiabTaTyd AOCHiAMKEHHS TEepPMiUYHOIO HAHECEHHH IIOKPUTTA OKCHUIY
aNIOMIiHII0O 3a IOIIOMOrOK BIOCKOHAJEHOI geroHaIlifiHol rapmaru. YIOCKOHAJEHHS rapMaTu
[OJISITa€ B iMIIyJIbCHOMY CTHCHEHHI rasoBoro sapsany, IO IeTOHyYe, y TPybi mepen mouaTxom
iminiropanusa geronanii. Ile 703BOJIMIO BUKOPUCTOBYBATH I'a30By CYMiIl IIpollaHy 3 IIOBiTpAM
AK sapdajg, [0 AeTOHYE, 3aMicThb CyMilli mpomaHy 3 KuCHeM. Po3pofJeHO0 IIyJIbCYIOUO0
KoMIIpeciliHo-TeToHaniiiHow rapmaroio HaHocuiocsa Mokpurra Al,O; Ha migkmagky 8 Hepxa-
Birouoi craxi. HaBemeno sane:xknocti agresii, mopcrrocri moxpurrd Big rToBmueu. IIpencrae-
JIEHO PEe3yJIbTATH €JIEeKTPOHHO-MiKPOCKOIIUHMX OOCJHIJMKeHb 1 BUMipIOBaHHS MiKpOTBEpPHOCTIi.
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1. Introduction

A thermal spray coating technology is
widely used to improve functional perform-
ance of parts of various equipments [1, 2].
Thermal spray coating is applied to protect
the parts from wear, abrasion, corrosion,
high temperatures, etc. [3]. The coating can
be released by several different technologies
such as high velocity oxygen-fuels (HVOF)
spray, plasma spray, wire arc spray, flame
spray, detonation spray and others. High
quality of the coating is achieved by detona-
tion spray technology [4]. But this technol-
ogy is expensive [5].

The pulse compression detonation gun
was designed recently to reduce expenses
for the coating [6]. We start using a com-
pressed mixture of propane with air instead
of an uncompressed mixture of propane with
oxygen in the gun. It causes the changes in a
technological regime of the coating. Thus, it
needs to investigate the parameters of the
new detonation gun. It requires evaluating a
quality of coating deposited by the designed
gun. We applied aluminum oxide coating in
the presented research.

2. Pulse compression detonation
gun as advanced technique of
detonation coating

As usual, a detonation gun [7] consists
of a smooth tube with closed one end, sys-
tems of fuel and oxidizes supplying, an ig-
nition system, a system of neutral gas blow-
ing and a pulsed powder feeder (Fig.1). A
length of the detonation tube exceeds a de-
flagration to detonation transition length
Lppr to initiate detonation by a traditional
spark plug. A diameter dpp of the tube ex-
ceeds a detonation cell size A to have a de-
flagration to detonation transition [8]. It
was experimentally evaluated for the
smooth tube that Lppp = 20-40dpp [9].
Thus, detonation cell sizes influence on the
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inner diameter and the length of the detona-
tion gun. According to experimental data [10],
the cell size of stoichiometric fuel/air mixture
is higher than the size of the corresponding
fuel/oxygen mixture by similar thermody-
namic conditions. For example, the cell size of
propane/air mixture is over A = 50-75 mm [9,
10] at normal temperature and pressure. For
comparison, the cell size of propane/oxygen
mixture exceeds A = 1-2 mm [11]. It causes
a growth in the detonation gun size when
the fuel/air mixture is applied. An in-
creased gun size leads to a restriction of
frequency of spraying too. Moreover, an in-
creased tube diameter leads to nonuniform
coating. Thus, a traditional detonation gun
fed by fuel/air mixture is inefficient.

A compression of fuel/oxidizer mixture
leads to decrease in the detonation cell size
[12]. But there is a problem to compress the
mixture because the one tube end is open.
The specific compression solution should be
applied. The pulse compression detonation
gun (PCD-gun) uses a phenomenon of a su-
personic combustion where detonation inside
a tube generates an impulse by compressing a
reactive gas whose products expand rapidly at
the open end [6]. A pulsed mixture compres-
sion at the closed end of the detonation tube
is generated by a piston compressor in such a
manner that the mass flow rate at the
"closed” end of the tube exceeds the mass
flow rate at the open end of the tube. This
causes compression of the air-fuel mixture
within the tube. Detonation is then initiated
when the mixture is compressed.

A diagram of the PCD-gun is shown in
Fig. 2. The device consists of a piston com-
pressor (1) composed of a cylinder (2) and a
piston (3), arrangement as shown. Recipro-
cating motion of the piston (8) is enabled by
a crank mechanism (4), coupled with an ex-
ternal drive motor. The top of the cylinder
(2) has the attached cylinder head (5) with
an intake branch tube (6) and valve (7). The
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Fig. 1. Scheme of the traditional detonation gun [7].
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Fig. 2. Diagram of the PCD-gun: I — piston-

type compressor; 2 — cylinder; 3 — piston;
4 — crank mechanism; 5 — head of the com-
pressor; 6 — intake branch tube; 7 — valve;

8 — fuel feed system; 9 — barrel; 10 —
branch tube; 11 — spark plug; 12 — powder
feeder.

fuel-air feed system (8) is connected to the
intake branch tube (6). The detonation tube-
barrel (9) is connected to the cylinder (2) of
the piston compressor (1) through an outlet
branch tube (10) in the cylinder head (5).
Forced ignition of the mixture is produced
by a conventional automotive spark plug
system (11). The powder is injected into the
tube by a powder feeder (12). A special
valve located in the branch tube (10) was
used to avoid a backflow of combustion
products during an intake stroke.

The inner diameter of the detonation
tube was 20 mm. The length of the detona-
tion tube was 1.37 m. The cylinder bore was
95 mm. The piston stroke was 105 mm. The
compressor speed was 2700+100 rpm. A
mixture of LPG with air was fed at
30+3 mg/cycle, which formed a fuel/air
mixture close to stoichiometric composition
in the piston compressor. Two piezoelectric
pressure sensors, spaced 66 mm apart, were
used to investigate the compression stroke and
detonation process. The first pressure sensor
was located near the cylinder head. The second
sensor was located at the middle of the tube.
Then we replaced the second sensor by a pow-
der feeder to investigate the coating.

We measured the distance of the detona-
tion initiation. The result of the pressure
measurement is presented (Fig. 3). We ob-
served a precompression Ap; and explosive
combustion at the point of the fist sensor.
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Fig. 3. Pressure behavior at the point of the
first sensor (1) and at the point of the second
sensor (2) during the detonation cycles; time
resolution is 500 us/div; pressure sensitivity
is 8 bar/div.

We had the precompression Aps; and detona-
tion at the point of the second sensor. We
evaluated the average velocity of the combus-
tion wave propagation between the sensors.
The calculated average velocity was
14651145 m/s. This confirms an extremely
short  deflagration-to-detonation transition
length (shorter than 66 mm) within the PCD-
gun. It also confirms a previous result, where
the detonation was observed at the tube end
while the tube length was Lppp = 66 cm [13,
14]. These results suggest that such an increase
in the detonation sensitivity of the air-fuel mix-
ture due to the increased initial mixture pres-
sure and temperature provides effective control
of the deflagration to detonation transition proc-
ess within the tube. Thus, the powder was accel-
erated by a detonation wave in the designed gun.
The specific compression technique al-
lowed reducing the size of the detonation
gun fed by the fuel/air mixture. Moreover,
the frequency of spraying was increased in
2—8 times. For example, the frequency of
the traditional detonation gun is about 1-
10 Hz [7]. For comparison, the frequency of
the PCD-gun exceeds 23 z. The temperature
of detonation products significantly de-
creases when the fuel/air mixtures are used
instead of fuel/oxygen mixtures. It influ-
ences on the detonation coating technology.
So, we tested the advanced detonation gun
starting from aluminum oxide coating.

3. Materials and research
technique

We use the 08X18H10 type of stainless
steel as a substrate. The steel samples had
dimensions of 30x20x1 mm and 5x5x1 mm
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(widthxheightxthickness). The distance be-
tween the tube end and the substrate was
150 mm. We obtained samples with coating
thickness of 80 pm, 50 pm, and 70 pum.

The strength of adhesion of the coating
was measured by the method of sclerometry
of thin metal films [1]; the method is widely
used for the study of various deposited mate-
rials. Measurements of adhesion properties of
the coatings were carried out with loads on
the indenter from 20 g to 220 g and the in-
denter speed of 0.2 mm/sec. We used the
samples with sizes of 30x20 mm2. Moreover,
the "scratching” of the indenter began with
the uncoated area of the samples, gradually
moving to the area with the maximum thick-
ness of the coating.

Scanning electron microscopy was used
to investigate the surface of the coating [2].
Samples of 5x5 mm? size were studied using
an electron microscope REM-106 at an ac-
celerating voltage of 20 kV and a magnifi-
cation of 500, 1500 and 3000 for each
sample. Using PMT-8 microhardness
tester, the values of maximum, minimum
and average microhardness were meas-
ured. The surface roughness was measured
with a stationary profilometer with an ac-
curacy of 0.05 um (AR, =3 %) along the
sample length from the uncoated area to the
center of the spot.

4. Results and discussion

The results of the adhesion investigation
are presented in Fig. 4. We observed the
maximum adhesion strength P,,,,. = 47 MPa
for a sample with the coating thickness
8 =80 um. The average strength was
<P> = 45.8 MPa for this sample. The maxi-
mum  adhesion strength reduced to
Pux = 32 MPa when the coating thickness
grew to & =50 um. The average strength
was <P> = 29 MPa in this case. The meas-
ured strength was P,,,, = 28.6 MPa and the
average strength was <P> = 23.3 MPa for a
sample with § = 70 um. We have found that
the measured value of the strength depends
on the depth of the transition layer. We had
a minimum strength when the depth of the
transition layer was 2.5-10 pm. Further
rise in the depth led to an inecrease in the
strength of adhesion. But we observed a
slight strength reduction near the boundary
line between the coating and the substrate.
The variation of the strength can be caused
by porosity of the coating. It is worth
to note that similar values of the adhesion
strength were obtained when the "Prome-
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Fig. 4. Dependences of adhesion strength on
the transition layer depth for samples with
different coating thicknesses.

Table. Microhardness of samples with dif-
ferent coating thicknesses

Hy,,, MPa|Hu,_, , MPa | Hu_, ,MPa
§ =30 um| 7500 6000 9000
§ =50 um| 9750 8500 11000
§ =70 um| 11000 9000 13000

tey” detonation gun fed by fuel/oxygen
mixtures was used for coating [15].

Electron microscopic images of the
coated samples are presented in Fig. 5. We
observed complex surface-relief structures.
The grains can be interpreted as an agglom-
erate of aluminum oxide powder particles
which are partially melted. The contrast
variation was used to evaluate the grain
size. The maximum grain size was 10 um.
The sample with the coating of 70 um had a
higher contrast variation than the sample
with the coating thickness of 30 um. The
grain size was reduced for thinner coatings.

The results of measurements of maxi-
mum, minimum and average microhard-
ness for samples with coating thicknesses
=380, 6=50u, 8 =70 um are presented
in Table.

From the above data, it is possible to
estimate the heterogeneity of the coating. It
should be noted that the maximum value of
microhardness is observed in the samples
with coating thicknesses of 50 um and 70 pm
in the region of large grains.

The change of surface roughness along
sample length is shown in Fig. 6. The sur-
face roughness of the samples was measured
with a stationary profilometer with an accu-
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Fig. 5. Electron microscopic images of samples with different coating thicknesses & at 500x,
1500x and 3000x magnifications: a) 8 = 30 um; b) 8 = 50 um; ¢) & = 70 pum.

racy of 0.05 um (AR, = 8 %) along the sam-

ple length (30 mm) from the uncoated area

to the center of the spot. The plots are 107

divided into four areas: 1 — no coating, 2 c 91

— area with a coating thickness, average * s

over the sample, 3 — area with the greatest 4

thickness of the coating "halo” around the 8 77

center of the spot, 4 — center of the spot £ 6

where a coating thickness is average. g’ ]

The oxide film was detected at the "substrate- € ° e Conting thickness 70 1

coating” boundary using XRD analysis. 4 —o—Coating thickness 50 Lm
34 —a— Coating thickness 30 um

5. Conclusions - - .

0 5 10 15 20 25 30

A short length of deflagration to detona- Sample length, mm
tion transition in the pulse compression
detonation gun fed by the propane/air mix- Fig. 6. Roughness of samples with coating
ture was experimentally confirmed. The thicknesses 8 = 30 um, & =50 um, and § =
length did not exceed 66 mm when the tube 70 pm.

inner diameter was 20 mm.
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Preliminary experimental results have
demonstrated ability to use the pulse com-
pression detonation gun for aluminum oxide
coating. The adhesion strength was in the
range from 15 MPa to 45 MPa depending
on the transition layer depth and the coat-
ing thickness. The measured roughness of
samples varied from 8 um to 10 um.

The investigations of coatings obtained by
the pulse compression detonation gun should
be continued for varies types of coating mate-
rials and the coating regimes. Acknow-
ledgements. This study was supported by Na-
tional Science Centre, Poland, Research Pro-
ject No 2015/19/B/ST8/02000.
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