Properties of low-pressure cold-sprayed coatings for repairing of casting defects
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Low-pressure cold spraving (LPCS) is a coating technique, in which a portable cold spray system, e.q., DYMET
JMK system is used to prepare technical coatings. Usually, compressed air is used as the process gas, The LPCS
process is an appropriate method for spraying of metallic-ceramic composite powder materials, e.q., Cu, Mi, Zn, Al
with additions of Al:O4 particles in the powder blends. The main functions of the hard ceramic paricles are cleaning
the nozzle, activating the sprayed surface and peening the coating structure. This method has advantages for
example in the field of repainng and restoration applications. For that, repainng casting defects and voids is one
interesting application of the process. For these purposas, zinc-based composite materials are recommended for
restoration and repairing of cormosion and mechanical damages. In this study, Zn+Al+AlO5, Zn+Cu+Al;O5 and
Zn+Mi+Al 05 composite materials were investigated. Zinc and aluminum give corrosion resistance by cathodic
protection whereas copper and nickel will provide also more mechanical resistance. Coaling properties, such as
microstructures, open-cell potential behavior and mechanical properties (hardness and adhesion strength) were
investigated. The coafings have relatively dense coating structures and for corrosion resistance, zinc gives a
cathodic protection for other materials in these composite coatings. Furthermore, mechanical properties are
sufficient due to the relatively high hardness and adhesion to the Fe52 steel base material. These coatings have

high potential in their use as repair matenals for macroscopic casting defects.

1 Introduction

Cold spraying as a thermal spray process is based on
the use of low process temperatures and high particle
velocities. Paricles are accelerated to high velocity by
drag forces [1], Powder particles impact to the sprayed
surface with high kinetic energy and deform on the
impacts in a solid state. This is high advantage to the
formation of coating structure with low porosity lavel
and oxygen content (no melting of powder particles).
[2.3] Dunng the impacts, powder parlicles deform
plastically and adhere to the sprayed surface, building-
up the coating. Due lo the deformabon mechamsm,
coaling materals should be or contain ductile,
deformable matenal, e.g.. metal powders. |n addition
fo the metals and metal alloys, composite powder
mixtures are shown their suitability to use in cold
spraying [1,2,4-8].

Low-pressure cold spray (LPCS) process uses low
pressure (pressure max. 9 bar (DYMET)) of process
gas which is usually compressed air. Furthermore,
powder is fed radially. [2,35] Typically, the LPCS
process 1s a method for spraying soft metallic powder
with an addition of hard ceramic parficles as powder
mixtures, forming a compositeé coating struclures for
varnous applications. One advantage of the LPCS
system 5 that equipment is portable which in tum
enables using a LPCS system for on-sife coating.
LPCS method can be used in the field of repairing and
restoration and flexible applications due to the
portability [1,5,7.9], e.g., in aulomofive and asrospace
industries. Furthermore, LPCS process is a relevant
spray process for soft metals (Al, Zn and Sn) which in
fum can be used in restoration of engine blocks,
castings, molds and dies. Portability s also an
advantage in localized comrosion prolection  {on
waldments), decorative coating production and metal
joining. [5,7,8]

This study focuses on a structural charactenization of
LPCS composite coatings which  have  high
possibiliies to be used in repairing applications, e.g.,
for casting defects. Coating materials are typically
Znaplepl:0s,  ZneCurhl:0s  and  Zn+Ni+AlOs.
Additionally, mechanical properties of the coatings and
casfing defects repaired using these composite
matenals are evaluated, reflecting their high potential
to use as technical coatings.

2 Experimental

Coatings were manufactured at Tampere University of
Technology, Department of Matenals Science using
DYMET 403K low-pressure cold spray equipment
{OCPS, Obninsk, Russia). DYMET 403K was installed
in a x-y manipulator (traverse speed & mimin) for
spraying the coating samples. In addition to these
expenments, DYMET 403K was installed in an
indusirial robot (5 mimin) for spraying the samples for
bond strength measuraments. A round nozzle was
used. Feb2 stesl substrates were grit-blasted (36
Mesh, Al;O; grits) prior to spraying. Spraying
parameters wera as following: compressed air was
used as a process gas, pressure § bar, flow rate of air
260 lfmin, powder feed 5 (from level of 1-8), beam
distance 1 mm, spray distance 10 mm, preheating
temperature:  440°C  (Al+Zn+Al05) and  540°C
({Cu+Zn+Ala0s and Ni+Zn+Ala0s) and amount of
layers: 7 (Al+Zn+Als04), 4 (Cu+Zn+Ala04) and 6
{Mi+Zn+Al205) layers, Repaired casting defects were
sprayed  manually  (hand-held  spraving). The
preheating temperature of compressed air was 650°C
and the rest of spraying parameters were like the
same as abowve.

Three different composite powders (Zn+Al+ALO,,
EZn+Cu+Ala05 and Zn+Ni+Al0s) were tested in arder
to evaluate their potential for reparation and
restoration of defects in vanous components. There




are many repair possibiliies for composite coating
maternals, e.g., fixing holes, repainng mechanical
damages, and filling cracks [10].

Howewvar, generally at least one component in the
composite powder mixiures should be plastically
deformable (ductile, &.g., metalic matenal), making it
possible o bulld-up a coating structure [2]. In this
study, powders used were S0%JAALOS(K-10-
01)+50%(Zn+AlaOs(K-00-11)),  Zn+Al+AL O 3 (K-20-
11), Cu+Zn+ AlO5(K-01-11), Ni+Zn+AlO4(K-714)
supplied by TWIN Trading Company (Moscow,
Russia). Morphologies of the powders are as
following: Al and Zn particles are sphencal, Cu and Ni
particles are dendritic and Al;C, paricles are Mocky
in their shapes, Fig. 1.

Fig. 1. Morphelogies of powders a) Zn+Al+AlCs b
Zn+Cu+Al05 and ¢} Zn+NivAlO0, SEM (SE)
images.

Powder morphologies and coating structures were
charactenzed using a Philips XL30 scanning electron
microscope (SEM) whereas casting defect repairs
ware analyzed using a Zeiss ULTRAplus field-
emission scanning electron microscope (FESEM).
Compositions were calculated from SEM  (BSE)

images as an average of five measurements by using
image analysis {Image Tool). The electrochemical cell
used in the open-cell potential measurements
consisted of a tube, of diameter 20 mm and volume 12
ml. glued on the surface of the coating specimen. A
3.5 wt% NaCl solution was put in to the tubes for
nine-day  measurements.  Open-cell  potental
measurements were done with a Fluke 79 [l frue RMS
mullimeter. A silver/silver chloride (Ag/itgCl) electrode
was used as a reference electrode.

Vickers hardness (HWgs) was measured as an
average of ten measurements with a Matsuzawa
MMT-X7 hardness tester. Bond strength values were
determined according to the standard ENS82 using a
tensile pull test (Instron 1185, mechanical testing
machine). Three measurements were camed oul o
calculate the average values of bond strengths,

3 Results and discussions

LPCS Zn+Al+Al D5, Zn+Cu+ Al:O5 and Zn+Ni+AloO5
coatings on Fe52 stesl plates and in the repaired
casting defects were anahzed in order o get a
general view of coatng properties and in addition o
that, structures of the coatings in the specific
components. Microstructuras, compositions, corfosion
behawior and mechanical properiies were performed.

31 Microstructure of LFCS coatings

LPCS Zn+Al+Ala0y, Zn+Cu+Al:O45 and Zn+Ni+Al-04
coatings have relatively dense internal structures, Fig,
2. Coating thicknesses of LPCS Fn+Al+alOL,
In+Cu+Ala0y and Zn+Mi+Al:05 coatings were 330
pm, 350 pm and 300 pm, respectively, Porosity is
negligible and no pores are detected inside the
structures. This indicates a high level of plastic
deformation of the particles and thus, ighly deformed
and dense coating structures. In addifion, AlOs
particles ansen from mnitial powder compoasitions (Fig.
1) are also detected mside the coating struclures.
Thesea hard particles have three main functions: they i)
keap the nozzle clean, i) activate the spraved surface
and m) hammer (by shot peening) the metalic
structure of the coating [4]. Generally speaking, these
funclions assist the formation of high quality coatings
manufaciured from composite powder feedstock using
the cold spray process

The composiions of the coatings are analyzed by
using image analysis, Table 1. It should be noticed
that Zn+Al+Al: D5 coating is prepared from the powder
mixture of S0(Zn+Al0 4 )+50{Al+A1.04), axplaining the
higher amount of Al:O5 parlicles inside the coaling
structure compared  with  Zn+Cu+A,05;  and
Zn+Mi+Al204 coatings. Comman for all these coatings
15 that amount of Zn 15 ~253% and other metallic
material (Al, Cu or Mi) is ~65%. Additionally, particlas
are rather equally distributed in all coating strucluras
(Fig. 2).



Fig. 2. Microstructures of LPCS a) Zn+Al+AlLO4, B)
Zn+Cu+ AlO5 and c) Zn+Ni+ Al 05 coatings. SEM
(BSE) images.

Table 1. Compositions (%+5td dev ) of LFCS coatings
measurad by using image analysis.

Coating £n Al Al,O4
In+Al+Al D 27%+22 59%235 14%227

Coating Zn Cu Al.O,
In+Cu+Ala0y 20%+09  T3%+13 Th+10

Coating Zn Ni Al; 04
In+Ni+Al 05 26%+16  65%215  B%*15

As is known, all these powder materials are very
suitable for cold spraying [2.3] and therefore, they also
have high potential to be used as composite matenals.
This makes it possible to connect desired properties of
both matenials and therefore, improve the properies of
composite coating itsell. Generally speaking, zinc and
aluminum give carosion  resistance  (cathodic
protection) whereas copper and nickel provide more
mechanical resistance.

3.2 Denseneass of LPFCS coatings

Coatings gawe the cathodic protection over FeS2
subsirate materal due 10 the sacrificial behavior of Zn
in the composite coatings. This is reached in the open-
cell potential behavior of the coatings compared with
subsirate (Fe52) and reference matenals (Cu bulk,
electroltically prepared Mi and flame-sprayed #n
coatings), Fig. 2. Microstructural characterization
showed relafively dense coating structures without
naoticeable pores (Fig. 2) and in addition to that, open-
cell potential behavicr proves the corrosion protection
of these coating materials,
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Fig. 3. Open-cell potential behawor of LPCS
In+vAl+ALO,  (AlfN), In+Cu+hl,05  (Cudn) and
ZneMi=Al=04 (NiZn) coatings, Cu, Al and Fe52 bulk
matenals and electrohdically prepared Ni (E Ni) and
flame-sprayed Zn (FS Zn) coatings as references in
3.5% NaCl solution. Ag/AgCl referance electrode.

3.3 Mechanical properties of LPCS coatings

LPCS composite coatings have dense structures due
o high level of plastic deformation. Furthermore,
mechanical properties ware investigated in order to
get more information about coating quality. Relatively
high hardness and good bond strength reflact highly
deformed coating structures and good adherence
between coatings and substrates, Table 2. Hardness
measurements were gained from metalic part of the
structures in order to evaluate the deformation of
metallic particles (the function of Al;O5 particles is
anly to assist the formation and deformaton of metallic
part of the coatings).

Table 2. Hardnesses (HVg.tSlddev) and bond
strengths (MPat5Sid dev ) of LPCS coatings.

Hardness Bond strength

Coaling  ,gid dev. (HV,,) +Std.dev. (MPa)
Al+Zn+Alz 05 BE+2 4 32424 4
Cu+Zn+Al-04 140+10.0 20144 8
Mi+Zn+Al 04 13359 4232389

As materials, hardnesses of bulk matenals from the
softest to the hardest are as following: Zn 43 HVq3 [4],
Al T2 HV g5 [11], Cu 8Y HV s [11] and Bi 111 HV g [4]
measured in our  previous  stedies.  LPCS




Zn+Cu+Alz05 coating 15 mostly deformed indicated by
high hardness wvalues. Higher level of plastic
deformation of Cu particles compared with Ni paricles
was also detected in our previous study [4]. However,
it should be noticed that as composite mixture coating
Cu+n+AloOy and Ni+Zn+AlO5 coatings had higher
hardness and bond strength than Cu+AlO. and
Mi+AlCOs due o the deformabon, indicating higher
coating quality. Soft Zn particles assist other parficles
o stick and struclures become tighter and more work-
hardened, All hardness wvalues are higher that
corresponding  bulk  materials, reflecting  work
hardening occurs during paricle impacts.

3.4 Repaired casting defects

In addtion to the evaluation of coaling properties,
three different casting defects were repaired using
LPCS5 process and these composite materals
Reportedly, LPCS coatings are the effective method
for filling vouds and defecls [5,7.8]. In this sludy,
defects were first engraved, then hlled manualty by
hand-held spraying and finally ground to a flat surface,
Figs. 4, 6 and 8 Then, samples were cut and the
cross-sections (small images inside Figs. 4, 6 and &)
were polished and characterized using FESEM, Figs.
5, 7 and 9 First, casting defect was repaired with
LPCS Zn+Al+Al04 coating, Fig. 4.

Fig. 4. Repaired casting defect by using LPCS
Zn+fAl+AlL Oy coating. Digital camera image.

Defect (or hole) was filled with coating matenal and
layered structure is observed in the repaired par, Fig.
5. An interface bebween coating and substrate is
shown with white amows and layered structure with
black amows. Inside the coating, darker areas consist
of Al and Al;Os particles whereas lighter parls are
composed of Zn and AlLQ,; paricles. First, Zn
particles are adhered to the hole edges and then, Al
particles are stuck to the Zn layer, Fig. 5b
Interastingly, this so-called layer formation is build-up
fairty randomiy which in turm, might be caused by a
different impact angle of the impacted particles in the
different part of the coating (defect interface vs. middie
point of the coating). In addition, £n parlicles might be
in the softer state due to the thermal softening while
the highest preheating temperature i1s used and thus,
first adhere to the substrate surface.

Fig. 5. LPCS Zn+Al+Al:0 5 coating. Cross-section of
repaired parl a) general (black armmows shows layered
structure and white arrows coaling-substrate interface)
and b) detailed view. FESEM images.

Another example of repaired casting defect is filled
with LPCS In+Cu+Als04 coating, Fig. 6 More
detailled structure of the repaired cashng defect also
showed similar layered siructures. However, the
layered structure is not 50 obvious in this case than il
was with the LPCS Zn+Al+Al, O, coaling (Fig. 5). Cu
and Zn particles were more evenly distributed than Zn
and Al particles. This can be explained with dendrilic
pariicle morphology (fine pnmary parlicle size, a few
microns) of Cu powder particles, An interface betweean
coaling and substrate (Fig. Ta, white arow) seems o
be faultless and paricles are tightly bonded to the
substrate surface and to other pariclas (Fig. 7b).
Black particles are AlxOs particles arsen from an
initial powder mixture.

Fig. 6. Repaired casting defecl by using LPCS
Zn+Cu+Ala04 coaling. Digital camera image.



Fig. 7. LPCS Zn+Cu+AlzO3 coating. Cross-section of
repajred part a) general (black amrows shows |ayered
structure and white armow coating-substrate interface)
and b) detailed view. FESEM images.

Similarty, third casting defect was repaired by using
LPCS Zn+Ni+Al.04 coating, Fig. 8. Like in the other
cases, also here defect was filled very compactly,
indicating the suitability of this composite coaling for
repainng application. Furthermore, repaired coating
consisted of layers {layerad structure), Fig. 9a (black
armows). Darker parl of the coating contains Zn and
Ala0s particles and lighler gray area Ni and Al:Oa
particles. Good bonding betwean particles and the
faultless interface between coaling and substrate is
also detected in this coating, Fig. 9b.

Fig. B. Repaired casling defect by using LPCS
Zn+Ni+Al;03 coating. Digital camera imaga,

Fig. 8. LPCS Zn+Ni+Al;05 coating. Cross-section of
repaired part a) genaral (black amows shows layered
structure and white arrow coating-substrate interface)
and b) detailed view. FESEM images

All these Zn-based composite coatings with added Al,
Cu or Ni particles (and Al,O, particles) showed their
potential to wse as repainng and restoration
applications using LPCS process. Typical for these
repaired casting defect structures were layered
slructures consisted of visual layers between Zn and
other metalic material. £n paricles had finer paricie
size than others and as material, it has the lowest
melting point, which might help Zn parficles to deform
and stick easier than others. Obwiously, the spraying
angle can also have an effect on the impact behavior
of the particles inside the small holes. Howewver, all
repaired holes by using LPCS composite coalings
have high coating quality (dense and fighl coating
structure), indicating their possibiity for use in
technical applications,

4 Summary

This study summarizes the coating properties of LPCS
Zn+AlAl 0, ZneCu+Als0s and  ZneNisAla O
coatings on Feb2 steel substrate and additionally, in
the filled casting defects as repairing materials.

- LPCS  Zn+ARALOD,,  Zn+Cu+AlO; and
Zn+Ni+Ala05 coafings have dense composile
coating structures according o SEM and FESEM
characterization,




- Metallic (Zn, Cu and Mi) and ceramic (Al-05)
particles are fairly evenly distributed inside the
coating structures on the flat substrates.

- The comosion  protection of the LPCS
IntAl+ALO S, In+Cu+Al05 and Zn+Ni+Al04
coatings was proven with their open-cell potential
behavior. In all cases, it is based on sacrfial
behavior of Zn, indicating clearly a cathodic
praotection mechansm:

- Parlicles were tightly bonded and highly deformed
during impacts, which results in relatively high
hardness values and good bond strength values,

- In addition o these coaling properties, repaired
casting defects by wusing these composite
maternials have shown high quality reparation as
tight and dense layered coating struclures inside
the repaired defecis/holes.

Summing up, LPCS Zn+Al+Ala Oy In+Cu+Al0s and
Zn+Mi+Ala04 coatings have shown their potential to
use in the applications where reparation and
restoration of macroscopic defects are needed, eq.,
repairing casting defects. Further work will focus on
deeper structural characterization and mechanical
testing. Additionally, testing of different combinations
of coatng and substrate matenals will continue In
arder to increase the industnal application fields,

5 Acknowledgements

Authors like thank Mr. Ville Mafikainen, of Tampere
University of Technology (TUT), Department of
Matenals Science (DMS), for carming out the image
analyses. The project was funded by the Academy of
Finland.

L References

[ Beneteau, M., Birtch, W., Villafuerte, J., Paille,
J., Patrocik, M., Maav, R, Strumban, E , Leshchynsky,
V.. Gas Dynamic Spray Composite Coatings for Iron
and Steel Castings, Thermal Spray 2006 Pushing the
Envelope of  Matenals  Performance,  ASM
International, May 15-18, (Seatlle, USA), 6 pp.

21 Papyrin, A, Kosarev, WV, Kﬁnkmirl 5., Alkimav,
A., Fomin V. Cold Spray Technology, 17ed., Elsevier,
printed in the Netherlands, 2007, 328 p

[3] Champagne, V.(Ed). The Cold Spray
Materials Deposition Process: Fundamentals and
Applications, Woodhaead Publishing Ltd., Cambridge,
England, 2007, 362 p

[4] Koivulucto, H,, Lagerbom, J., Kylmalahti, M.,
and “uonsto, P Microstructure and Mechanical
Properties of Low-Pressure Cold-Sprayed Coatings,
Journal of Thermal Spray Technology, 17 (5-6) 2008,
pp. 7217,

5] Maev, R., Leshchynsky, V.. Introduction to
Low Pressure Gas Dynamic Spray, Physics &
Technology, Wiley-VCH Verlag GmbH&Co, KGah,
Weinheim, Germany, 2008, 324 p

(8] Wang, Q., Spencer, K., Birbilis, M., Zhang, M-
X.. The influence of ceramic particles on bond
strength of cold spray composite coatings on AZ91
alloy substrate, Surface & Coatings Technology, 205,
2010, pp. 50/6.

[71 Boro Djordievic, B., Maev, R. SIMAT™
Application for Aesrospace Corosion Protection and
Structural Repair, Thermal Spray 2006: Pushing the
Envelope of Matenals  Performance,  ASM
International, May 15-18, (Seattle, USA), 6 pp.

[8] Kashirin, A, Klyuev, ©O. Buzdygar, T,
Shkodkin, A: DYMET Technodogy Evolution and
Application, Thermal Spray 2007 Global Coating
Solutions, B. Marple, M. Hyland, ¥. Lau, C.-J. Li, R.
Lima, G. Montavon (Eds.), May 14-16 (Beijing, China),
ASM International, pp 141/5

1]} Tapphom, R., Hennass, J., Gabel, H.: Kinetic
Metallization — - A Repair Process for Damaged IVD-
Al Coatings, Mg, and Al Alloy Components, Thermal
Spray 2009: Expanding Thermmal Spray Performance
to New Markets and Applications, B. Marple, M.
Hyland, ¥.-C. Lau, C-J. Li, R. Lima, G. Montavon
(Eds.), ASM International, May 4.7, (Las Vegas,
Mevada, USA), pp. 261/6

[10] ©Obrinsk Center for Powder Spraying (OCPS),
homepage of LPCS DYMET equipment manufacturer:
hitp:{fdymet. amazonit rufeindexd. html, 2011

[11] Koivuluoto, H., Boleli, G, Luswarghi, L,
Casadei, F., Vuonsto, P Corrosion resistance of cold-
spraved Ta coatings in very aggressive conditions,
Surface & Coalings Technology, 205 (4) 2010,
pp. 11037



