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Research and Prospect on Internal Thermal Spraying Techniques
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Abstract: There are numerous critical inner bore parts in the industrial fields of mechanical manufacture, petrochemical,
aeronautics and astronautics, and ferrous metallurgy, such as cylinder barrel of engine, gas turbine housing, cylinder in
hydraulic mechanism and different types of pumping lines. These parts are always operating at harsh environment, like
extreme temperature, corrosion medium, high load, etc., which easily causes severe failure of wear and corrosion. Internal
thermal-spray technique is an important process for depositing coatings on inner surface of parts, which can strengthen the
parts or remanufacture those scrapped components. This paper first introduces four typical internal thermal-spray techniques,
including internal diameter-plasma spraying, plasma transferred wire arc, internal diameter-high velocity oxygen/air flame and
internal diameter-wire arc spraying, from the aspects of technical principle, operation mode, development process and
industrial application. On this basis, pros and cons of each technique are compared comprehensively, including process cost,
materials selection and coatings performance. Then, features of those techniques are proposed from the perspective of interface
bonding, control of porosity and thickness of the coating, and regulation of residual stress. The corresponding technical
difficulties are summarized containing local accumulation of thermal and dust, and stress cracking of the coating. Finally,
prospects for the development of the technology are discussed consisting of micro-forming mechanism of coatings, increasing
the bonding strength between the coating and the substrate, and developing various composite surface engineering techniques.
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Fig.1 Schematic of ID-PS technique™®”
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Table 1 Performance comparison of typical ID-PS guns®" ¢

Type of Powermax/ Internal diametermin/  Spray Spray Plasma Deposition Plasma
Inventor i
spary gun kW mm angle/(°) length/mm gas efficiency gun
SM-F300 9 40 250450 Ar, Ha, He - h\
Metco
3MBTD 40 102 s08775 A0 gze Na, - “*\&%
SG-2100 30 28 300—-600 Ar, Hy <60% \
PST*
TAFA-2700 30 38 90, 135 305, 610, Ar, Ha, He -
1829
N~
3MBT 40 100 90, 120 600 AL N2 000-75% .
He =)
FST®
F1ID 25 75 90, 135 450600 AP }:126 N, - ﬁﬁ\\
NKLR®  ID-110 45 110 60 A" gze N2 5005-85% \’

Note: a. PST, Praxair Surface Technology (USA); b. FST, Flame Spray Technologies (Netherlands); c. NKLR, National Key Laboratory for

Remanufacturing (China)
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Table 2 Solution package of SUMEBore®ID-PS !-30-311

Operation model Irrotation

Rotation

Plasma controller Mulicoat, Unicoat

ID-PS gun 7MT-2, 3MBTD, 1 1MB, 7MST-2
Spraying process

Sample coating

XPT512: low alloyed carbon steel
(with bond coat)

IExtrems remam option: 1-2 mm dem

RotaPlasma 500/HS1
SM-F210, SM-F220

Casting and machining — Surface acitivation — Cleaning — Spray process — Cooling — Diamond honing

XPT512, XPT627, F2056, F2071, F4375, F4397, F6250, etc.

F6250: TiO, (with bond coat, honed)




18 b B xR T LT IR

2018 4F

DragonPlasma RM1 B 23R KR, ZEHENfL
T e 4 g TR R AL (181 3). R 3 MEM LT
RotaPlasma HS1 #l DragonPlasma RM1 P fLJEeF%
IR RGP RES A

T PN TR, e ANALE R T
W5 R X A AR TN R AT A R 3 b e Tl iz H]
Hs ORGP, filn, ARSI H DragonPl-
asma RM1 B W T ZEHITC AWLA ShBLET A+

(a) RotaPlasma HS1

B3 PififiEefks ID-PS R4t
Fig.3 Overview of two kinds of rotary ID-PS systems
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Table 3 Performance comparison between RotaPlasma HS1 and
DragonPlasma RM15*!

Parameters RotaPlasma HS1 ~ DragonPlasma RM1
Weight/kg 64 52
Powermax/kW 16 45
Currentmax/A 400 500
Voltagemax/V - 115
Speedmax/(r'min") 800 400
Plasma controller MultiCoat™ HEPJet™
Spray gun SM-F210, SM-F220 ID-OI71§1114D0- 110,
Powder feed rates/(kg-h™) <9.6 <8.6

<80%—-90%

Despostion efficiency (metallic coating) <50%—85%*

Internal diametermin/mm 50 78
Spary lengthmax 650 mm (flexible) 620 mm (flexible)
Spray distance Fixed Flexible

* Note: <85% for Fe/Ni-based alloy; <75% for NiCr-Cr3Ca;

45%—67% for ceramic coatings
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Table 4 Performance comparison of carbon-steel and Fe-flux cored wire as well as their coatings!**?

Type of feedstock® Structure of coating

Hardness Oil storage capacity of ~ Optical / SEM image

coating® of coating
0.1%C-Steel (O Typical lamellar structure ~430 HVo3 -
@) Less than 2% porosity
® A network of oxide/wuestite stringers (veins)
and clusters separated the Fe splats with 650—
0.82%C-Steel occasional round Fe particles 750 HVo, -

SUNA 6
@ 1.9%B (D Dense coatings free of micro cracks
@) Iron sheath @ Some un-melted particles and semi-molten  ~700 HVo 0.053 mm®/cm?
(® Crushed powder pieces of the sheath
(~350 um)
SUNAG6-3 Ob o free of mi .
@ Iron sheath ense coatings free of micro cracks 580— .,
@ Heat treated powder @ Some semi-fused sheath material 1224 HV o1 0.022 mm’/em
(45—-180 pum)
SUNAG6-5
(@ FeCr sheath (D Dense coatings free of micro cracks o
2 Heat treated powder @) Fully fused sheath material ~700 HVo. 0.038 mm?/em
(45180 pum)

Note: a. Other feedstock materials can be found in [18]; b. 0.014—0.018 mm®/cm? for honing grooves'*),
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Fig.6 Typical TEM image of PTWA FeC0.3 coating!*!
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Fig.7 Cross section morphology of Fe-flux cored wire!*!
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Fig.8 Typical application of PTWA technique
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Fig.9 Schematic of ID-HVOF technique!*®!
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Fig.10 Illustration and spraying process of optimized trajectory of
ordinary HVOF gun for engine cylinder liner coating™!
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Table 5 Performance comparison of two types of ID-HVAF guns'*"
UniqueCoat (USA), Kermetico (USA),

Parameters iy by gy AF gun AK-ID HVAF gun
Internal 120 mm 80 mm
diametermin
Power - 30 kW
Sample WC-Co10-Cr4; WC-Co10-Cr4;
coatings Cr3C2-25NiCr WC-12Co
Porosity <1% <0.1%
950 HVo.3 (<4.0 inch);
Hardness up to 1550 HVo.3 1100 HVo3 (>4.0 inch)
Particle 780 m/s >800 m/s
velocity
Powder feed <10 ke/h <5kg/h
rates
Bond >82 MPa >75 MPa
strength
Deposition 50%-55% 48%-70%
efficiency
o) A: . . .
Other feature 100% Air cqolmg (no  Smallest 1.ntemal diameter
water chillers) guns in the world
Spraying
process

50 pm

(a) i7™ L.D.-HVAF gun, & 144.8 mm

e cpe —
216010 Il

(b) AK-ID HVAF gun, @ 101.6 mm

11 A ID-HVAF Bl %19 WC-10Co-4Cr I =4
Fig.11 Cross section morphologies of WC-10Co-4Cr coatings
prepared by different ID-HVAF guns
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(a) Schematic of the thermal spray deposition process inside a
cylindrical sample
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(b) Whole spraying process: water jet cleaning/surface roughening
treatment; application of ID-HVAF; honing of cylinder wall to
finished dimension

P 12 JiefeaX ID-HV AF SRR A A Sl A Ay ES
Fig.12 Reinforcement of engine cylinder bore by rotary ID-HVAF

process™
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P LA 35 B 23 S Bk (HVAF) By R R R 55000,
TR SR R AP A& &5 HVOF
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. AR TAEED L HERY B A8 SR A A T
14 7045 1 s 25 PN 2R THT AT T it g (181 13)

¢838 mm

(b) WC-10Co-4Cr coating inside cyclones

13 Jeksak ID-HVAF HA g7 s
Fig.13 Typical application of rotary ID-HVAF technique”
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Contact wiring

Cylinder wall

Coating spray

14 ID-WAS HARJFHEE
Fig.14 Schematic of ID-WAS technique!™!
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(b) New gun design with an inclined slot and vertical lines of holes

P 15 AN[R G 26k ok L SRR A 2 Y
Fig.15 Different droplet stream deviations for two types of head
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designs

P16 e 22 P AL AL I IR S BB AT RS (WA 1
SmartArc PPGT RIS 1972 ] {25k

Fig.16 Actual spraying process of deviation-type ID-WAS (insert
shows the head design of SmartArc PPGT gun)
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Fig.17 Engine cylinder treated by NANOSLIDE" technique
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Developmental stage
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Fig.18 Development steps of the LDS"-torch technology'®”

200 nm

(b) TEM image of FeCr26C0.1B2 coating

19 PiFh TWAS 32 1 OS5 147
Fig.19 Structure morphologies of two TWAS coatings'®”
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Fig.20 3D schematic of ID-SWAS gun”!
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Fig.21 Typical SEM images of two Fe-based coatings'
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Fig.22 Spatial distribution of in-flight particles at different thermal sources obtained by high-speed camera technique
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Table 7 Comparison of tribological behaviors of internal thermal-spray coatings

Friction of coefficient

Fabrication Materials of Operating Wear rate (volume/depth)
technique coatings (w/%) conditions Compared to GCI* Cylinder (in 1/]%)
300 r/min 0.0374 (159.4%)
M1-P
160 N, 84 mm, Cr-plated 500 r/min 0.0224 (171.1%)
piston ring, oil: Mobil ) )
s SW30 lubricant, 70 C 300 r/min 0.0459 (150.2%)
500 r/min 0.0288 (]62.8%)
25°C 0.091 (124.8% 1.12° (17.4%
[D-PSUs 251 160 N, 20 Hz, 25 mm, 12 h, (124.8%) (7:4%)
ALO3-12% TiO2 Cr-plated piston ring, oil: 150 °C 0.088 (123.5%) 0.69 (162.1%)
SAE 50 ‘Bandar’ .
andar 250 C 0.075 (131.2%) 0.28 (191.2%)
F2071 0.132 (13.9%) 1.24 (188.0%)
TiOs 240N, 10 Hz, 13.2 mm, 6 h, 10W-30 il, 80 C, 0.150 (118.1%) 131 (187.3%)
Cr-ALOs3 coated piston ring
Cr0; 0.152(119.7%) 0.79 (192.3%)
CrAlIN piston ring 0.056 (140.6%)
FeC0.8 o
150 N, 4 mm, 50 Hz, SW- DLC piston ring 0.060 (134.8%)
30,130 C CrAlIN piston ring 0.044 (154.2%)
AlCrFe (AICrO)
DLC piston ring 0.059 (152.2%)
PTWALS 4811
FeC0.3 150 N, 8 Hz, 6 mm, 80 °C, Motor oil 5W30, Nitrided 0.070 5.1 nm/h
FeCr9C0.4B2 piston ring 0.076 1 nm/h
5N, 2 mm, 5 Hz, DLC coated piston ring 0.110 0.90 mm’/h
AISI 1010 steel .
16.67 min, SAE SW-30 N coated piston ring 0.160 1.91 mm’h

80N, 8.99 mm, 10 Hz, 20 h, SAE 5W-30,

FeCO0.1+50%F .
eC0.1#50%Fe0 Molybdenum coated thermal steel ring

Cr3C2/NiCr

0.102 (117.7%)

0.025 (156.6%)

1.0173 pum (15.6%)

0.102 pm (191.5%)

ID-HVOF®™ ™  Tj0,-20%TiC 150 to 473 N, 30 mm, 5-15 Hz, 91-112 'C, 8 h (an 0.065 (114.6%) 0.022 pm (198.2%)
experimental cycle) CrN coated piston ring, Mobil ) .
MMC Delvac 15W40 0.028 (150.4%) 0.155 pum (| 87.1%)
Fe-alloy 0.059 (14.5%) 0.250 um ({79.2%)
~25C 0.135
FeC0.8 (smooth .
100 'C
honed) 0-162
2N, 0.3 Hz, 5 mm, 10 150 C 0.160
min, Cr-plated piston ring .,
' oil: SAE 10 W30 ~25°C 0.179
ID-WAS#3s1  FeC0.8 (Helical 100 C 0216
honed)
150 C 0.174
150 N, 8 Hz, 6 mm, 80 ‘C, Motor oil 5W30, Nitrided
. . 0.071 14.4 nm/h
piston ring
FeC0.9 150 N, 8 Hz, 6 mm, 80 °C, Motor oil SW30
’ ’ ’ ’ ’ 0.078 13.4 nm/h

Cr-ceramic plated piston ring

Note: a. GCI, Gray cast-iron; b. Unit: 10*mm*/(N-m).

AN FeO; BEABIEYETN, FesO4 Ml Fe203 HAE)H
A TEEEIE Y, R R T A T A R AL R
Fex03, EEHENBHTIEFE 0.5(U01&] 24 Pi7R).
WAk, TEM 43#r R, TEERRITEA —Z
JEEEZ)2R 100 nm JE IR S BT PR A i i, ml Rhjs
G ALK, JETT R A, Umer

LR F AFM(Atomic Force Microscopy) £ A
ST H K ID-PS IR JZ (FeMo FITiOz) MRS
1) LEM(Lateral Force Mode) f£fi JJ2FAE A,
W8 7R T 9K RUBE TR 26 fub S 10 89 VIO BE . SF AL
SR A B RN AT H P RE R 4 PR = ] ) R AR
Ko
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Friction coefficient

(b) TiO,-12%Al,0; coating

(a) Uncoated cylinder barrels

23 EE RSP TARRET, B EEGHIERE, SR
AR Y A 2= [ )

Fig.23 Triboscopic 4D-maps of the evolution of friction
coefficient versus temperature, load and frequency under the

simulated condition of engine operation'™

1010 spray coating vs CrN
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302 7 o0l e o | ol 0
= 200 600 1000 1400 200 400 600 800 1000 120014001600f
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0.1 \
0 1

600 800
Sliding cycles

E 24 2545 A RS OGIEH ARTEL WG PTWA-1010 T2 E
PEIRBORN B R R i AR A AR )

Fig.24 Friction coefficient of PTWA-1010 coating and oxidation
wear mark on surface observed by in-situ Raman spectroscopy™!
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Fig.25 Schematic representation of internal thermal-spray coating process
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Table 8 Comparison of three inner surface pretreatment processes prior to coating application™”

Advantages

Disadvantages

Grit blasting (with A1203/SiC)

BoA

; Grit blasting 7"

Short cycle time per bore.

Mechanical roughening

[ |/ 5H] IR (S B

Mechanical activation} | i | 194

[ e | B i 1 2 (| R

1K | R R
‘(~:}

Rl

500 pm

@ Widely used, @ Suitable for all
substrate materials, @ Low cost, @
Activation of areas in the block where
overspray from coating application is
possible (good adhesion of overspray), ©®

@ No contamination of block with
abrasive particles, @ Higher bond strength
§ of coating, (® Experience in series
d production (Daimler and BMW), @
Cleaning of the surface during activation.

(D Decrease of the corundum average size all along
the process (use of an automatic grit reconditioning
system), @ Cleaning with pressurized air necessary
after activation, 3 Consumption of pressured air and
grit material, @ Risk of grit particle contamination of
any openings in the block, ® Grit particles remaining
entrapped in the surface.

(@ Dedicated equipment necessary with high cost, @
Need for vacuum drying to reduce cycle time, 3 Only
suitable for lightweight materials, @ Small processing
window (pressure and standoff distance of nozzle),
® Opens up casting defects like pores, © Only areas
perpendicular to waterjet activated, @ Long cycle
time, 100% visual inspection of all activated
surfaces required after activation.

(D Quality control of activated surfaces remains an
open issue, @ Cleaning of the activated surface is

® No contamination of block with necessary, @ Only suitable for lightweight alloys
: abrasive particles, @ No separate (prohibitive wear rate on tool for cast iron), @
equipment necessary if it can be done as Lifetime of tooling not yet determined in detail,
part of the pre-machining of the block, ® &) No activation of chamfers and honing recess, ©
ol Very high bond strength of coating, @ Interrupted cut can be critical (e.g. ventilation holes,
Profile control and modification.

lower end of bore), @ Complete filling of the open
profile volume with coating material is difficult,
Dedicated equipment necessary.
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Fig.27 Three methods of inner surface grit-blasting
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Fig.29 Different mechanical roughening tools for dove-tail profile
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Fig.31 Guiding function of flow control plate to turbulence during

thermal spraying®*”
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