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Abstract: Maraging steel 300 (MS300) is a precipitation-strengthening iron—nickel alloy with outstanding
properties such as good mechanical strength, weldability and corrosion resistance. However, the poor wear
resistance has limited the application. In this work, high-performance WC reinforced MS300 composites
were fabricated by high-pressure cold spray, which enables the additive manufacturing of bulk material
well below its melting point. XRD analysis shows that no phase transformation occurred either to the WC
reinforcements or the MS300 matrix. The distribution and morphology of the WC particles in the
composite samples were characterized by X-ray computed tomography (XCT). The results show that a high
retainability (85.4%) of WC particles was obtained at high working parametgrs (MPa, 900 °C), and

the solution-aging treatment resulted in decreased WC volume fraction and smoothing of WC shape.
Microstructure observation of WC evolution shows that a thick diffusion layer was formed around the WC
particle after solution-aging treatment significantly improving the interfacial bonding. Due to the more
severe plastic deformation and higher WC retainability, the as-fabricated samples with higher propelling
gas pressure demonstrate a higher tensile strength and better wear resistance. It is found that a higher
solution temperature (1000 °C) can lead to an enhanced cohesive bonding within the composite. Finally,
the solution-aged composite shows an excellent wear resistance under the improved WC bonding and
precipitation hardening.
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1. Introduction

Maraging steel 300 (MS300) is an iron—nickel al@yh absence of carbon, which uses elements such
as molybdenum, cobalt, titanium and aluminum asstuibes to produce precipitation-hardening in iron
nickel martensite [1, 2]. Based on the precipitataf intermetallic compounds, the maraging sted) 30
presents outstanding properties such as good mieehatrength, toughness, weldability and resistatioc
crack propagation. It has been widely applied anftblds like automotive, aircraft and aerospacel @ol
and die industries, such as rocket motor casinddanting gears, conformal cooling channels, shafid
fasteners. Upon the treatment procedures of soluizd aging, outstanding mechanical properties and
stable microstructure can be achieved on MS300utifrathe formation of lath martensite with high
dislocation, solution strengthening of alloy eletsemand precipitation strengthening by intermetallic
compounds [3, 4]. Nevertheless, with the develognahindustry technology, it brings forward an
increasing demand of comprehensive performancenfaging steel 300, especially the high tribologica
performances of MS300, which can extend its apfitina [5].

WC-reinforced metal matrix composites (MMCs), congad metallic properties with ceramic, have
been fabricated by different manufacturing methadd widely investigated in recent years [6-8]. For
example, the powder-bed based AM technologiesasarlor electron beam have been proposed for the
fabrication of WC-based MMCs [9-11]. It is also ogfed that the WC-reinforced MMCs are fabricated by
using conventionally high temperature processek ascigh velocity oxy-fuel (HVOF) [12, 13] and das
cladding [14, 15], where the high cohesive strenmgdichieved by partial or complete melting of feedk
particles. However, the serious oxidation, phasengh and even decarburization of carbide phaseotann
be avoided in these high-temperature fabricationthous, which may result in the deterioration of
mechanical properties.

To eliminate the degradation of MMCs properties amtigh processing temperature, the newly
emerging cold spray (CS) (or known as cold gas ayos spray, kinetic spray) [16, 17] has attracted
increasing attentions as a solid-state depositichrtology. Prior to the impact onto substrate, rtfiero-
sized feedstock particles are accelerated to hajacity (300-1200 m/s) by a supersonic gas flow, (ai
nitrogen or helium) through a de-Laval nozzle [18jving to the low temperature of the propelling gas
below its melting point (about 300 to 1000 °C) abrt interaction time, the deposited particles wati
maintain the solid state [19-21]. The high-veloditypact of metallic particle onto substrate carultem
serious plastic deformation within several tensnahoseconds. Similar with explosive welding, the
breaking and extrusion of original oxide-film oneéistock particle can promote the high-quality
metallurgical bonding within CS sample [20, 22]. &sesult, the CS technology enables the retaibabil
its original chemical composition and properties faedstock, and effectively minimize the serious
oxidation, phase change and thermal stresses Imtligperature processing [23, 24]. For the montéet,
CS technology has been successfully applied infébheication of temperature-sensitive materials like
aluminum [25, 26] and copper [17], high performaatieys like Ti6Al4V [27, 28] and Inconel [29, 3@k

well as various MMCs with different reinforcemeii8§. By accounting the high production rate and no



limitation of fabrication size, CS has been recagdias an effective method for additive manufactyri
[31, 32] and dimensional damage repair [25, 33].

In the same manner, the unique “cold” feature oft€®nology can effective protect the WC particles
in MMCs material from oxidation and decarburizatidkecently, the WC reinforced MMCs have been
frequently reported fabricated by CS. Lioma e{#4] fabricated WC-Ni coatings by using a low-prass
CS system with mechanical mixed powders and sidtagglomerated powders. However, only 11-29% of
WC particles were retained in the as-sprayed cgstirSimilarly, Melendez et al. studied [35] the
microstructure evolution and coating propertieSwg reinforced MMCs with Ni as binder phase. Alidokh
et al. [36] reported that the wear resistance otddting fabricated by high pressure CS systembean
significantly improved through the reinforcement 86.2 vol% WC particles, but with a low WC
retainability of 29.0%. Besides, efforts were atsade to fabricate the WC-Co coating [37, 38] by CS
within the past decades. The extremely high deiposgiarameters were used to promote metallic bandin
by inducing sufficient plastic deformation of fe&atks. It can be concluded that the above-mentioned
works have a typical low retainability of WC in sgrayed coating compared with the feedstock.
Furthermore, the low processing parameters cannatiro sufficient mechanical property and
microhardness to realize their industrial applmati

Therefore, this work aims to use high-pressure €8esm to manufacture high-performance WC
reinforced maraging steel 300 (MS300) compositesthE author’s knowledge, few studies [11] havenbee
made on the fabrication of high-performance MS39Q@B. The solution-aging treatments were conducted
to promote the inter-particle diffusion, stresseasing and precipitation strengthening and hardemn
systematic study was carried out focusing on therastructure characterization and mechanical ptigser
The X-ray computed tomography was applied to ingast the distribution and morphology of WC
particles within the CS WC/MS300 composites. TheSBBand SEM observation were used to study the
microstructural evolution. At last, the tribologicand tensile properties of CS WC/MS300 composites

were studied.

2. Experimental details

2.1. Sample preparation and heat treatment procedure

In this work, the spherical maraging steel 300-gradwder (EOS GmbH, Germany) was used as the
matrix material for the composite. Based on therditure study [39, 40], the irregular WC powder I(léa
egret, Xiamen, China) with a size range of 1-6 pas wsed as the reinforcement particles to maxithize
deposition efficiency in CS. The mixture of 85% M®3and 15% WC powders in weight percentage were
mechanically blended in a in a tumbling mixer dgr00 mins before fabrication, which corresponda to
volume fraction of 91.7%/8.3%. The surface morpgglof the powder mixture is shown in Fig. 1 (a)eTh
EDS surface mapping in Fig. 2 (b) indicates therithistion of spherical MS300 powders and irregMaC
powders. The magnified view in Fig. 1 (c) show YWE€ morphologies featured by slight aggregation. The
cross-sectional morphologies were shown in theegt@nd EBSD images of MS300 powder in Fig. 1 (c)



and (d), respectively. The MS300 powders exhibitegmiaxed grain structure with an average size of

150.1+180.3 nm as a result of the rapid solidifa@during gas-atomization process. The size distion
of the MS300 and WC particles are given in Figf)1 (
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Fig. 1 SEM morphologies: (a) mixed feedstock powdés) EDS mapping showing each item (MS300 in
red and WC in green), (c) magnified view showing WC particles, (d) cross-section of etched MS300
powder, (e) Inverse polar figure (IPF) + 1Q by EBSiibwing the grain structure and (f) the size

distribution of MS300 and WC particles.

The WC/MS300 composite coating was fabricated witACS-1000 CS system (Plasma Giken Co.,
Ltd., Japan), whereas the schematic sketch is givéig. 2 (a). Nitrogen was used as powder cagas
and propelling gas for the premixed MS300 and W@dmrs. Two sets of fabrication parameters including
different pressures of propelling gas were used9(D °C and 4.0 MPa referred as AF1, (2) 900 ®€C=0
MPa as AF2. The standoff distance from the nozzlete the substrate surface was 30 mm. The hatch
distance between successive passes was 2 mm.itmadthe nozzle traverse speed was 100 mm/s.KThic
composite coatings were fabricated on grit-blaS8i@4l stainless steel substrates. Based on ASTM B8/E8
standard [41], the tensile samples were machired the in-plane surface of as-fabricated part foilhy
substrate removal, whose dimensions are givengnZ{b). Despite the anisotropic feature of CSioga,
the in-plane samples were chosen due to its géydigher strength than that of out-plane [32].

To further improve the mechanical properties ofd@@&posite coating, the heat treatment procedures
including solution and following aging were condeatton the as-fabricated samples. Two heat treatment
procedures include: (1) solution at 800 °C fordnk aging at 480 °C for 6 h referred as HT1 and.(®0
°C for 1 h and aging at 480 °C for 6 h referredH&2. All the heat treatments were conducted in @édro

made tube furnace with an argon protective atmagpioeavoid oxidation and followed by air-cooling.
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Fig. 2 (a) Schematic sketch of the CS fabricatimtess and (b) digital photo (left) and dimensi@ight)

of the tensile sample.
2.2. Material characterization

The coating microstructure was firstly observed dy optical microscopy (OM). To reveal the
morphology evolution and particle deformation, gadished samples were etched at room temperature fo
20 s by a solution of 25 ml HNO50 ml HCI, 1 g CuGland 100 ml distilled water. The microstructure
was then observed by scanning electron microsc&BM(), with a device equipped with an energy-
dispersive spectroscopy (EDS) unit (JSM 5800 LV,OUE Japan). Texture and crystallographic
orientations were characterized by a SEM (Nova I$&id 450) equipped with electron backscatter
diffraction (EBSD). EBSD characterization is cagrieut under an acceleration voltage of 20 kV, @ ste
size of 60 nm and spot size ofif1r. The spatial and angular resolutions of the EBg&em are 50 nm and
0.5°, respectively. Phase composition was tested-bgy diffraction (D800, Siemens, Germany) using a
Cobalt anticathode (k = 1.78897 A) operated at\8%#kd 40 mA.

Generally, the image processing via the opticalrosicope observation is used to investigate the
content and morphology of the reinforcement paetanhd pore within an MMC sample fabricated via AM
methods like CS and Selective laser melting (SLMdwever, the 2-dimensional observation cannot
provide the exact particle distribution and conteiithin the MMC bulk [42]. In this work, an X-ray
computer tomography (CT) (X5000, North Star Imagib&A) is used to obtain the pores and reinforced
WC particles in CS-fabricated composite sampleshswn in Fig. 3, cubic samples with dimensions of
3x3x5 mni were placed on the 360° rotating stage of the y4@mography and analyzed at an
acceleration voltage of 100 keV and a current oftB0 A volume of 1000x1000x1000m* was studied

with a precision of 4um/voxel. As can be seen on the right side of Figh8 three-dimensional volume



was then reconstructed using the Amira-Avizo sofewvéFE| Visualization Sciences Group, Software,

Germany) and the porosity and WC content can bepoted based on the volume ratio to the bulk cube.
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Fig. 3 Schematic sketch of measurement of WC pestiwithin WC/MS300 composite via the X-ray
Computed Tomography.

2.3. Mechanical property

Room-temperature tensile tests were performed doapto the ASTM E 8M standard at a strain rate
of 1 mm/min. The ultimate tensile strength (UT3pngation at fracture and elastic modulus wereiobth
from a universal testing system (INSTRON 5982, US3tjain-to-failure was recorded by strain gage$ an
extensometers with a 10 mm range. The extensometeattached to the gage section of the test specim
and removed after the yielding stage to keep tbharacy. The Vickers hardness was measured at tlss-cr
section using a microhardness tester (Leiz-Wet@armany) at a load of 0.2 kg and an indentatime tf
25 s, where the result is the average of 15 measnts.

Dry sliding wear tests were conducted at ambiemipgrature with a tribometer implement (CSEM,
Switzerland). Before the tests, the roughness Rheftample was kept less than Oubb to rule out its
influence wear performance. The counterpart mdteviess an AJO; with 6 mm diameter, which was
grinded and polished using sandpaper and clean&dettianol before the tests. The friction test load
0.5 kg, with a rotational speed corresponding tb00.m/s for 200 m with the radius of 3 mm. The
coefficient of friction (COF) was recorded duringdig. After friction test, the surface of wornrsples
was observed by SEM and then analyzed by EDS. fidss-cections of the worn tracks were measured by
a profilometer (Altisurf 500, France). The worn wales of the samples were calculated via the prazfuct

the cross-sectional areas by the length of wok&a

3. Resultsand discussion

3.1. Phase composition

In the conventional thermal spray or high-tempea#iM processes, the unfavorable decarburization,
decomposition or even phase transformation carctaffee microstructure and mechanical properties of

WC-based composites. As shown in Fig. 4, the XR&Bp demonstrate that the phases of martensite and



WC are well retained within the AF composite saraddg comparing with feedstock powder. It exhibits
the unique advantage of CS technique with low @Bsiog temperature in preventing phase transformatio
and retaining original crystal structure of the ramaterial, which can help improve the mechanical
properties of WC reinforced MS300 composite [328sBles, it should also be noted that the peaksitten
of WC phase is weakened in AF sample than thabefder, which can be attributed to the WC loss dyrin
deposition. Besides, a rightward peak shift of ewsitic phase can be observed through the compariso
between initial powder and AF samples. It can béeustood as the grain refinement and micro-strginin
during the severe plastic deformation of CS partiith high-velocity, which will be discussed thgiuthe
EBSD analysis in the following section. After thelidion-aging treatment, the phases of martensite a
WC were well retained in the HT samples. At the sdime, the residugl-peak indicating the austenite
phase is weakened after the conducted HT proced@eerally, the complete martensite transformation
will produce an austenite-free matrix after theusoh treatment. However, it is widely acceptedt tite

austenite reversion cannot be avoided during tiregageatment as a result of Wi decomposition [43].
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Fig. 4 XRD spectra of the feedstock powder and WE3R0 composites at different conditions.
3.2. WC reinforcement particlesvia XCT
The distributions of WC reinforcement particleshiitthe WC/MS300 composite samples at different
conditions are illustrated in Fig. 5. The WC pdeticthrough the reconstruction after XCT measurémen
are colored according to the distribution of egléma diameter, which is the corresponding spherical
diameter of the object with equal voxel volume. TN@umetric contents of WC particles within the

composite samples are evaluated and given in Ha).& he equivalent diameters of WC particlesthes



analyzed to understand the evolution of reinforaeinparticles at different conditions, which is givan

Fig. 6 (b). The term of equivalent diameter carubed to evaluate the effective size of the WC glaxi
with the irregular shapes [42, 44]. From Fig. 6, (a)can be seen that the high retainability of YWE
particles has been achieved in the cases of aisdddn sample by using the high-pressure CS systig#m
high-end deposition parameters. By improving theppliing gas pressure from 4.0 MPa to 5.0 MPa, the
retainability of WC particle was further increasieam 78.8% in AF1 to 85.4% in AF2, which can beoals
observed from the reconstruction images in FigThe equivalent diameter of WC particle and the
corresponding quantity is illustrated in Fig. 6.(8) majority of the observed WC particles exhilliet
equivalent diameter less than 20 pm, which cornedpaevell with the size distribution of starting redals.
However, the WC particle with equivalent diameteoumd 40 pm can also be found in the XCT
reconstruction image. Such phenomena can be unddrsis the accumulation and agglomeration of WC
particles during the CS deposition process. A Bip&dimensional morphology of the WC agglomeration
obtained by the graphical reconstruction after X€@iven in Fig. 7 (a). It demonstrates the agglatien

of connecting WC particles uniformly distributecband the extensively deformed MS300 particle, which
will be discussed in detail in the following sectioSuch phenomena of reinforcement particles in the
fabrication of CS MMCs is frequently reported [38)].

As shown in Fig. 5 and Fig. 6 (a), the WC contensignificantly decreased after the solution-aging
treatment. It can be explained as the partial sliffa during the high temperature solution procéssa
result, the decrease of WC content is more eviitetite case of HT2 sample with solution temperatfre
1000 °C than that of HT1 (800 °C). As it can beeasbed in Fig. 5 (c) and (d), both the particle shrel
density of WC particle are decreasing after sotutiging treatment. As illustrated in Fig. 6 (b)ttbthe
equivalent diameter and its corresponding counfgerenced an evident decrease after solution-aging
treatment. The particle aggregation with large egjeint diameter has been reduced due to the partial
diffusion during high-temperature solution treatmefs shown in Fig. 7 (b) and (c), the WC particle
within the WC/MS300 composite samples exhibit neagherical shapes after high-temperature solution
treatment. The detailed morphology evolution of \f&ticle after HT will be discussed with the cross-

sectional observation through SEM.



Fig. 5 Distribution of WC particles within the WCS800 composite samples (1x1x1 Mfabricated by

CS in different conditions with color indicatingetlequivalent diameter.
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Fig. 6 Variation of the (a) volumetric contents ghjlequivalent diameter of WC particles in WC/M830
composite samples obtained via XCT.
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Fig. 7 Typical morphologies of the remaining WCtjmdes within the WC/MS300 composite samples: (a)
agglomeration of WC patrticles in as-fabricated siamgnd partial-melted WC particle in HT1 (b) an@izZH

(c) samples.
3.3. Microstructure evolution

Fig. 8 shows the OM images of cross section anthsairof the WC/MS300 composite samples at
conditions of AF and HT. The AF samples fabricatgdCS show a highly densified morphology with few
defects of pores or cracks. It can be attributetthéoextensive plastic deformation of MS300 paatishder
the successive deposition of subsequent MS300cjeaend in-situ peening of reinforcing WC particles
According to the XCT measurement, the compositepdasnat AF and HT conditions all exhibit the
porosity lower than 0.3%. Meanwhile, the unifornstdbution of the reinforcement WC particles within
the MS300 matrix. As indicated in Fig. 8, the ldpadl agglomeration of WC particles can be seen fitan

cross-sectional and surface images, which correlspaell with the XCT reconstruction images.
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Fig. 8 OM morphologies of the cross-section (fist) and surface (second row) of the WC/MS300

composite samples at different conditions.

To reveal the particle boundary and its deformakiehavior, Fig. 9 is given to show the etched cross
sectional morphologies and the corresponding mighifiews of the WC/MS300 composites at different
conditions. In the overviews of AF samples (see. Bigla) and (c)), the WC particles can be found
uniformly dispersed surrounding the severely degiS300 particles. According to the magnified \dew
in Fig. 9 (b), the equiaxed grain structure wasl wethined in the AF1 sample from the original pensl
(see Fig. 1 (b)). Meanwhile, it is evident that tirains within the deformed MS300 particles experézl
elongation and deformation in the AF1 sample. Asititrease of propelling gas pressure to 5.0 MPa in
AF2 sample, the MS300 particles were experiencedeniatensive plastic deformation owing to the
increased impact velocity, and the obvious matgealand resulting intertwining were formed as the
marked white arrows. It can also suggest a better-particle bonding through the strong mechanical
interlocking and the further formation of metallivg bonding. Besides, the magnified views show the
intimate bonding between the deposited WC partieled deformed MS300 matrix, without obvious
cracks, which can benefit the improved mechanioaperties of the CS composites.

[ | al v o Lap e el

Fig. 9 SEM morphologies of the WC/MS300 compositedifferent conditions, and the magnified views

of the boxed areas are given in the second row.



As for the samples processed by solution and ag@agments, the HT1 and HT2 demonstrate distinct
morphologies compared with the AF ones. As the dger of HT1 is given in Fig. 9 (e), the interfaces
between the deformed particles were blurred antigigrdisappeared due to the high-temperaturetmsiu
annealing treatment. Due to the highly densifiedrostructure and intimate bonding in AF samples, th
following solution and aging treatment can effeelvpromote the interfacial diffusion between MS300
particles and the reinforced WC particles. By fartimproving the solution temperature to 1000 @, t
interfaces between the deformed MS300 particleg wkminated (see Fig. 9 (g)).
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Fig. 10 EBSD characterization of the MS300 matnixtie composites at different conditions: first row
column is Inverse pole figure (IPF) maps, secorgismpattern quality maps, third one is grain size
distribution. (a-c): AF1, (e-f): AF2, (g-i): HT1j-0): HT2.



To further understand the microstructure evolutiBBSD characterization was conducted on the
MS300 matrix region with a dimension of 13xuth composed by two or three deformed particles in
composite. As the IPF maps are shown in the Figal@and (d), the AF1 and AF2 samples demonsthate t
typical anisotropy of the grain orientation andafefation, which is frequently reported in a CS-fested
microstructures [45, 46]. As indicated in Fig. H) &nd (b), it is obvious that the original equidxgains
were well remained within the deformed splat. Mehitwy a large quantity of ultrafine grains betweha
range of 50 to 100 nm were generated at the iragiepe boundaries, which shows similar morpholegie
with the SEM observation in Fig. 9. It can be atited to the dynamic recrystallization due to ¢attand
subgrain rotation [47]. With the increase of prdipgl gas pressure to 5 MPa (see Fig. 10 (d)), tlang
refinement at the boundary area becomes more pemiwhich exhibits a smaller average grain siZe59
+ 78.6 nm) than that of AF1 (97.9 * 74.5 nm). Sgcain refinement can be attributed to increasedtisla
deformation caused by two main facts, which are higher particle velocity prior to impact and the
enhanced peening effect by WC particle [48]. Astfer HT samples, the IPF maps in Fig. 10 (g) apd (j
demonstrate an evident grain growth compared wi¢h AF. The high-temperature solution for 1 h can
significantly promote the static recrystallizatipt®] in the AF samples, which can result in theested
grain growth. Such grain growth is more prominentHT2 sample at a higher solution temperature of
1000 °C than that of HT1. Meanwhile, it is seentttiee inter-particle boundaries between deformed
MS300 particle were disappeared after the soludiging treatment. The ultrafine grains originallgdted
at boundary areas were replaced by the equiax@asgafier the HT. Fig. 10 (h) and (k) show the ioed
pattern quality of the HT samples than those of(sé¢e Fig. 10 (b) and (e)), due to the reduced chsion

density caused by static recrystallization at thdigle boundary areas.

To better understand the role of reinforcementigded, the evolution of WC patrticles at different
conditions are observed by magnified SEM image BDX scanning. As for the as-fabricated sample, the
WC particle was embedded in the MS300 matrix, dedparticle interface can be clearly identifiednfro
the deformed MS300 particle. From Fig. 11 (a), thémate bonding was formed between the
reinforcement WC particle with no interfacial craalr pores. Different from the laser-based AM mdtho
[9], the WC particle experienced no melting or daposition during the CS deposition. Meanwhile, the
successive impact of WC particles during depositian lead to a strong in-situ peening effect, witah
significantly improve the work-hardening and reanttplastic deformation of the MS300 matrix. As\wsho
in Fig. 11 (a), the kinetic energy of the reinfarent WC leads to the severe plastic deformatiothef
surrounding MS300 grains. As for the cases of Himpas in Fig. 11 (b) and (c), an increasingly
prominent diffusion layer can be seen formed betw and MS300 matrix with the increasing solution
annealing temperature. According to the EDX scagaiiong the particle interface, a diffusion layande
clearly observed surrounding the WC particle. ih t& seen that such diffusion layer is composea by
mixture of W from reinforcement particle and Fe, Ni and Co from matrix. Such metallurgical bonding
resulting from atomic diffusion can enable the fation of a series of carbide compounds and further

improvement of the bonding strength between reagorent and matrix in the CS composite.
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Fig. 11 Gradient interface between WC particle ®I8B00 matrix at different conditions and element
contents along the indicated line by EDX: (a) A&),HT1, (c) HT2.

Fig. 12 gives the magnified view of the diffusioayér formed at different solution annealing
temperatures. With the increasing HT temperatime thickness of the diffusion layer was increasedf
0.28 to 0.68 um. As shown in the EDX result in Hif, the diffusion layer was formed due to the iphrt
melting and decomposition of WC particle during HAt. a higher HT temperature, a thicker diffusion
layer was formed around the WC particle with morendy distributed element mixture.

Fig. 12 Magnified view of the diffusion layer forehat different solution annealing temperaturesHa)
and (b) HT2.

3.4. Microhardness

In this work, the WC patrticle was used as reinforesat to improve the mechanical properties of the
MS300 via CS process, and solution-aging treatmgas then conducted to achieve the further
improvements. Fig. 13 shows the evolution of WQf@iced MS300 composite at different conditions. At
the as-fabricated conditions, the AF2 sample withér propelling gas pressure of 5.0 MPa possesses
higher microhardness than that of AF1. Accordingb@mvementioned microstructure analysis, the lower



porosity value (see Fig. 8) and finer grain size(Fig. 10) as a result of severer particle deftomaan

be considered as the main reasons contributindpe¢chigher microhardness value of AF2 sample. It is
obvious that the increased microhardness is acthiafter the solution and aging-hardening treatnient
HT1 and HT2 samples. Such significant hardness argment can be attributed to the precipitation of
Nis(Ti, Al, Mo) within the martensite matrix during iag hardening at 480 °C for 6 h. Meanwhile, the
diffusion of W element into matrix and formation adrbide compound can also contribute to the hasine
improvement in the HT samples. However, the HT2amwith a higher solution temperature of 1000 °C
exhibits a lowered microhardness value than th&tTf. The reduction of microhardness is mainly tue
the coarsened grain size at a higher solution-dimgetemperature, which contributes to the offsét o

precipitation hardening in aging treatment.
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Fig. 13 Microhardness comparison of WC/MS300 coritpssat AF and HT conditions.
3.5. Tribological performance

Fig. 14 shows the variation of coefficients of fiokm (COF) and wear rate of WC/MS300 composite
sample at different conditions. As the COF curves shown in Fig. 14 (a), all samples experienced a
typical fluctuation at the early stage of frictibest, while the stabilization was reached after sliging
distance of 60 m. As shown the Fig. 14 (a) andl{b)h the average COF values and wear rate deratastr
the similar trend with the microhardness (see ER). AF2 sample with higher propelling gas pressure
possessed a lower average COF value and lower natathan that of AF1. Similar with the hardness

difference, the enhanced work-hardening at higlagtighe impact velocity lead to a better wear riesise



of AF2 sample. It can be seen that the HT samgies/superior wear-resistance featured by lower wear
rate and COF values than those of AF. Such low wagar(4.11+ 1.33x10° can be comparable with the
reported WC-Co-Ni coating (3.382 + 1.020x390with WC content more than 60 % [38]. Such impmve
tribological performance at HT condition is mairdye to the carbide diffusion layer and precipitatio
hardening during the solution-aging treatment. &esi it is interesting to notice that the HT2 sampl
exhibits a weakened wear resistance than that df #ile to the lower solution treatment duration and
temperature.
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Fig. 14 Tribological performance of WC/MS300 comipesat AF and HT conditions: (a) COF variation

and (b) wear rate.

The worn morphologies of different WC/MS300 compessiafter wear test were given in Fig. 15 to
better understand the wear mechanism. As for thed-HT samples, the worn morphologies are mainly
characterized by the disconnected tribolayer anileet wear scars, indicating the adhesive wear
mechanism. Through the mechanical mixing and smgaof wear debris during sliding, the observed
tribolayer will be formed on sample surface, whielads to the stabilization of COF curve after thiéidl
fluctuation stage in Fig. 14 (a). As the EDS mapgpon the magnified area is given in Fig. 16, the
tribolayers formed in the AF2 and HT1 samples &a@racterized by the oxidation and the mixing eletsen
from matrix and reinforcement particles. In additiserious peeling-off and microcracks were forroad
the tribolayer of AF samples (see Fig. 15 (a) d)d Under the successive loading of the counterplaet
work-hardening and stress concentration can causegéneration and propagation of cracks on the
tribolayer. As for the HT samples, partial tribodaywas formed on the worn surface with the obvious
grooves. Different from the AF samples, the preatpmn hardening of MS300 matrix during solution-
aging treatment can provide an improved wear @&t to the sliding friction. Meanwhile, the high
temperature solution process can promote the obdetifusion of WC particle within the matrix, atite
resultant carbide diffusion layer can further bértee wear resistance. The ameliorated interfamigding

between WC particles and MS300 matrix can promiagettibological performance of composite. As for



the HT2 sample, the higher solution temperaturd l@aa more prominent decrease of grain growth and
microhardness (see Fig. 10 and Fig. 13), whichveglhexplain its deteriorated wear resistance.
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Fig. 16 Magnified view of worn morphology of WC/M&3 composites at AF2 and HT1 conditions.



3.6. Tensile performance

Fig. 17 shows the strain-stress curve of the W@foeted MS300 composites processed at different
conditions. As for the AF condition, both samplesibit low ductility and low strength. The UTS and
elongation at fracture of the AF1 sample were 14MPla and 0.6%, respectively. Due to the high mgltin
point and high hardness, the metallurgical bondmgenerally limited in the AF samples [50]. The
mechanical interlocking becomes the main bondinghaeism in the CS-fabricated iron-based coating [50
51], which leads to the typical brittle featurethe tensile properties shown in Fig. 17. By inciegighe
propelling gas pressure to 5.0 MPa in AF2 sampke UTS and elongation can be further improved ® 30
MPa and 0.96%, respectively. It can be considehat ihore extensive metallurgical bonding and lower
interior defects were achieved at a higher partiokpact velocity in the deposition of AF2 sample.
Furthermore, it should be noticed that both thes&mples exhibit limited elastic modulus values i
from Fig. 17, which are 24.9 GPa and 30.6 GPa fet And AF2, respectively. The low Young’'s modulus
and elongation values indicates the existence odysodefects in the CS WC/MS300 composite coatings
[50, 52]. At the same time, the addition of reimfog WC particles can also contribute to the lowukg's
modulus value than that of bulk MS300 material. Nehile, it is obviously that the solution-aging
treatment leads to a significant improvement ohbldT'S and elongation compared with the AF samples,
which are 744 MPa and 2.53% for HT1 and 821 MPa3%66% for HT2. However, the Young’'s modulus
values were hardly improved after solution-agirgatment, which indicates the inter-particle craakd
pores were not entirely eliminated at the modetadatment temperature. In the future work, it is
considering to using the high-temperature soluéianealing treatment or hot isostatic pressing [63]

further improve the inter-particle cohesive bondiregween MS300 particles and reinforcing WC pagticl

1000

— AFI
— AF2
800 | ——HTI
—HT2
= 6004k
[= W
S
2
£ 4004
w
200 e
0 T T T T T T T T 1 T T T T T
0.0 0.5 1.0 1.5 2.0 2.5 3.0 35 4.0

Strain (%)

Fig. 17 Strain-stress curves of WC/MS300 compositesF and HT conditions.



Fig. 18 shows the fracture morphologies of the Amgles after tensile test. As the overviews given
in Fig. 18 (a) and (c), the fractures are mostlguned along the interfaces between severely defdrm
particles in the case of the AF samples. Somefatia cracks and pores can be found on the fractur
surface, which may act as the fracture initiationiy the tensile test. Such interfacial cracks poigks can
also contribute to the resulting low elongation anddulus values in the AF samples. Meanwhile, the
reinforcing WC particles are uniformly distributatithe inter-particle boundaries, which correspondi
with the cross-sectional morphologies (see Fig.\W)th the increase of propelling gas pressure, the
increased plastic deformation of MS300 particle lbarseen on the fracture surface (see Fig. 1&¢t(d)).
Such phenomena have a good agreement with the strigcture observation at cross sections in Figh® a
Fig. 10. As the magnified view is given in Fig. (t, it is worth noticing that the extensive dimfdatures
are formed on severely deformed particle in AF2 @amwhich indicates the formation of metallurgical
bonding at a higher propelling gas pressure. Theeased impact velocity of MS300 particle can prtamo
its plastic deformation. The extensive metal jehfation can benefit the fresh metal exposure aad te
the formation of metallurgical bonding [22]. Mearilehthe increased velocity of WC particle can lead
an enhanced in-situ peening effect on the deposit8800 particle, and the resultant cold-working can

further improve the cohesive bonding within the posite [30].

.

Fig. 18 Fracture surfaces of WC/MS300 compositesratonditions at different propelling gas pressure

and the magnified views of corresponding boxedsaaga given in the second column.



As shown in Fig. 19 (a), a more prominent occureeat dimple fractures can be identified for the
HT1 sample with solution temperature of 800 °C foh. Meanwhile, the cleavage fractures along the
deformed particles are evidently decreased, whialicates the enhanced inter-particle diffusion and
blurred boundary after heat treatment. Such phenameorrespond well with the microstructural
observation in Fig. 9 and Fig. 10. As the soluttemperature is increased to 1000 °C, such dimple
fractures are more extensive on the fracture serfamd the boundaries of deformed particles are
disappeared. Such phenomena can well explain theiraments of both ductility (elongation of aboft)3
and strength (UTS of about 821 MPa). Similar wiie studies on the CS fabrication of stainless-steel
samples [51, 54], the post annealing treatment elloe temperature of 1000 °C is necessary to ingprov
the tensile properties by eliminating the partibleundary and promoting the metallurgical bonding.
Furthermore, it can be noticed that the inter-pbeticracks between WC and MS300 matrix are
disappeared in the HT2 sample, which correspondiswith the observed diffusion layer. Such improved
bonding between reinforcing WC particles and MSB8@rix can also facilitate the cohesive bondinchwit
the WC/MS300 composite.

Fig. 19 Fracture surfaces of WC/MS300 composité$Tatonditions, and the magnified views of

corresponding boxed areas are given in the seaando.



4. Conclusion

Based on the unique solid-state deposition protkess;S technique has been widely used to fabricate
the MMCs samples as well as bulk materials. Howetver low retainability of the reinforcement paei&
has always limited the maximization of mechanicaperties of cold sprayed MMCs. In this work, WC
reinforced maraging steel 300 composites was fataicby high-pressure CS system. The reinforcement
of WC particle can significantly improve the comdtiion of wear resistance and mechanical strendth. T

main conclusions of this work are drawn as follagvin

1. Based on the reconstruction of X-ray computed tammplgy, the distribution of WC particles within
the CS WC/MS300 composite samples can directlyrobgeand analyzed. The volume fraction and
distribution of equivalent diameter of the WC pelgidemonstrate that the higher retainability (8%.4
was obtained at higher propelling gas pressurge $NVIPa, 900 °C). Meanwhile, the solution-aging
treatment result in the decrease of WC volume ifsac@nd smoothing of WC shape.

2. Microstructure observation on WC evolution shows thick diffusion layer was formed around the
WC particle after solution-aging treatment, whiancsignificantly improve the interfacial bonding.
EBSD analysis shows nano-sized grains (less thah rid) were formed in the as-fabricated
composite sample as a result of severe plasticmetion during deposition.

3. The as-fabricated samples with higher propelling geessure demonstrate a higher tensile strength
and better wear resistance due to the more selasticpdeformation and higher WC retainability. It
was found that the higher solution temperature Q190) can lead to an enhanced cohesive bonding
within the composite. The solution-aged composktiewss an excellent wear resistance under the

improved WC bonding and precipitation hardening.
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