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Abstract Direct energy deposition (DED) has great

potential for the production of stainless steel matrix

nanocomposite parts. However, the propensity of

nanoparticle agglomeration leads to the difficulty in real-

izing homogenous dispersion of nanoparticles in the

matrix. In this study, a series of agglomeration-free nano-

WC-Co-reinforced 420 stainless steel matrix nanocom-

posite powders with high flowability were prepared by ball

milling under the optimal parameters. The effect of ball

milling time on the properties of the composite powders

was investigated. Excellent powder properties ensure the

DED processing performance. Furthermore, the corre-

sponding composites were fabricated by DED, and the

effects of nano-WC-Co content on the properties of the

composites were comprehensively investigated. The con-

tact angles between the single pass cladding layer and the

substrate change with increasing nano-WC-Co content

(decrease from 127.38� to 113.07�). The different contact

angles will significantly influence the quality of the multi-

pass cladding layer. Furthermore, the addition of nano-

WC-Co leads not only to further grain refinement but also

to more pronounced isotropy of the microstructure. With

the increase in nano-WC-Co content, the corrosion

resistance is significantly improved (62.28% lower corro-

sion current for 420–15 wt% nano-WC-Co than for 420).

Keywords Steel matrix composites; Direct energy

deposition (DED); Ball milling time; Contact angle;

Microstructure; Mechanical property

1 Introduction

The 420 stainless steel is widely used in dies and molds

because of its high Cr content and medium C content [1].

However, due to the interaction of the die with solids and

liquids during repeated stamping, the surfaces of the die

guide abrasives suffer from wear and erosion. These phe-

nomena can lead to loss of function and failure of the die,

thus reducing its service life. The addition of ceramic

particles to metal matrix to form metal matrix composites

(MMCs) has proven to be a viable and reliable method to

enhance the wear and erosion resistance of materials [2–5].

Direct energy deposition (DED) is considered to be one of

the most advantageous methods for preparing MMCs.

Stainless steel nanoceramic composites are widely used in

DED manufacturing due to their excellent performance and

low cost [6–8]. However, compared to micron particles, the

agglomeration tendency of nanoceramic particles is obvi-

ous due to van der Waals forces [9]. The agglomeration of

ceramic particles will affect the continuity, uniformity and

stability of composite powder during conveying, and thus

affect the quality of formed parts. Therefore, the uniformity

of nanoceramic particles in composite powder is the crucial

factor to ensure the good performance of formed parts.

Ertugrul et al. [10] proposed the utility of high-energy

ball milling (mechanical alloying) to solve the
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agglomeration problem of sub-micrometer or nano-sized

ceramic particles in metal matrix composite powder. The

milling process contributes to dispersing the nanoceramic

particles and makes the nanoceramic powder attached onto

metal powder. However, the ball milling process may

adversely affect the shape and size of composite powder.

The nanoceramic particles cannot be evenly attached to

metal powder when the ball milling time is too short.

Nevertheless, the shape and purity of composite powder

may be changed when the ball milling time is too long.

Wang et al. [11] pointed out that metal nanocomposite

powder prepared under the optimum ball milling process

also had the best performance of formed parts. This indi-

cates that the ball milling process determines not only the

properties of the composite powder but also the properties

of the parts. Therefore, the selection of the ball milling

process is crucial for the preparation of metal nanocom-

posite powder and subsequent formed parts. As far as the

research on the preparation of DED metal matrix com-

posites is concerned, most research has been carried out on

surface strengthening [12–16]. The good compatibility of

the coating with the substrate is the prerequisite for surface

strengthening. The size of the contact angle reflects the

compatibility between the coating and the substrate.

However, the effect of content of ceramic particle on the

contact angle between coating and matrix has not been

reported.

Based on the above problems, 420 stainless steel

nanocomposites with different mass fractions of nano-WC-

Co particles for DED were prepared by ball milling method

in this study. The effects of ball milling time and WC–Co

content on the properties of composite powder were

investigated. By studying morphology, chemical compo-

sition and properties of the composite powders, the opti-

mum ball milling time of the composite powder with

different contents of nano WC–Co was determined,

respectively. The 420 stainless steel composite cladding

layers containing 0 wt%, 5 wt%, 10 wt% and 15 wt% nano

WC–Co particles were prepared by DED. The contact

angle, phase composition and microstructure evolution of

the composites with different nano-WC-Co contents were

analyzed. The relationship between contact angle and

cladding layer quality and the correlation between the

content of WC–Co and mechanical properties were

revealed.

2 Experimental

2.1 Powder preparation

The spherical 420 stainless steel powder with particle size

in the range of 75–150 mm (Fig. 1a) was produced by gas

atomization method by Jiangsu Vilory Advanced Materials

Technology Co., Ltd. Irregularly shaped nano-WC-Co

particles with particle size in the range of 80–100 nm

(Fig. 1b) were provided by HWNANO. The process of

preparing 420-nano-WC-Co composite powder based on

high-energy ball milling is shown in Fig. 1c. Three dif-

ferent 420-nano-WC-Co composite systems containing 5

wt%, 10 wt%, 15 wt% nano WC–Co particles (further

named MMCs-1, MMCs-2, MMCs-3) were prepared.

According to the previous study [17], the carbide balls with

three different diameters were used as milling media. The

diameters of the carbide balls were 3, 5 and 8 mm,

respectively, and the mass ratio of the three kinds of

cemented carbide balls was 2:3:5. The parameters of ball

milling process are shown in Table 1 (where BPR is ball to

powder ratio). In order to make nano-WC-Co particles

evenly attached on the surface of 420 stainless steel, the

ball milling process adopts the form of positive and reverse

alternation, and stops for 10 min after 30 min positive

rotation and then reverses for 30 min.

2.2 Direct energy deposition process

The 420-nano-WC-Co composite powders were deposited

on the 316L stainless steel substrate by DED technology.

The processing parameters of single pass cladding layer

were selected as follows: single pass height of 3 mm, layer

thickness of 0.2 mm, laser power of 900 W, scanning

speed of 400 mm�min-1, powder feeding speed of

4.97 g�min-1 and argon flow rate of 5.0 L�min-1. The

processing parameters of multi-pass cladding layer were

the same as that of single pass cladding layer. The recip-

rocating scanning mode was adopted, and the cladding

layer size was 30 mm 9 20 mm 9 10 mm with a 50% lap

ratio. The single pass cladding layers were mainly used for

the analysis of contact angle, microstructure and hardness.

Multi-pass cladding layers were mainly used for tensile,

wear and corrosion resistance tests. Furthermore, 420

stainless steel cladding layers were prepared with the same

parameters for reference.

2.3 Powder characterization

In order to determine the optimal ball milling time for

preparing composite powder with different nano-WC-Co

contents, the characteristics of composite powder were

analyzed. The morphology of the composite powder was

observed by scanning electron microscope (SEM, TES-

CAN MIRA3) equipped with energy-dispersive spectrum

analyzer (EDS), and the adhesion of nano WC–Co particles

on the surface of 420 stainless steel particles was analyzed.

The shape of the composite powder was studied by a laser

particle shape analyzer. The flow ability and density of
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composite powder were measured with a Hall flowmeter

and a tap density meter, respectively. The above analysis

was used to determine the optimum ball milling time for

the composite powders with different WC–Co contents.

The composite powder after the optimum ball milling time

was inlaid, and the inlaid samples were ground and pol-

ished to observe the cross-sectional morphology of the

composite powders. The surface and cross section of the

composite powder were observed by SEM equipped with

an elemental mapping detector to verify the uniformity of

the nano WC–Co particles attached to the surface of 420

stainless steel particles under the optimum ball milling

time.

2.4 Cladding layer characterization

2.4.1 Morphology and microstructure

The single pass cladding layers were cut from the substrate

by a wire cutting machine, and then, samples were cut

along the deposition direction. The samples were ground

and polished, and then used to analyze the effects of nano-

WC-Co content on the morphology, microstructure and

phase of the cladding layer. The overall morphology of the

cross section of the single pass cladding layer was observed

with an optical microscope (OM, SOPTOP CX40M), and

the relevant characteristic values were measured to calcu-

late the contact angle. The polished samples were etched

using a solution consisting of HCl, anhydrous alcohol and

CuCl2 in order to observe the microstructure of the clad-

ding layer along the deposition direction. The microstruc-

ture and element distribution of the cladding layer were

further analyzed by SEM and EDS. X-ray diffraction

(XRD, Rigaku SmartLab) and electron back scattered

diffraction (EBSD) were used to analyze the phase com-

position and content of samples.

2.4.2 Characterization of properties

In this study, the hardness, tensile, wear and corrosion

resistance of cladding layers with different WC–Co con-

tents were mainly investigated. The Vickers hardness tester

Fig. 1 a SEM image of 420 stainless steel powder; b SEM image of nano-WC-Co particles; c schematic diagram of preparation of
420-nano-WC-Co composite powder

Table 1 Parameters of processes with different ball milling time

Samples BPR Rotation speed
/ (r�min-1)

revolution speed
/ (r�min-1)

Milling
time / h

MMCs-1 5:1 120 1 3

5:1 120 1 6

5:1 120 1 9

MMCs-2 5:1 120 1 9

5:1 120 1 12

5:1 120 1 15

MMCs-3 5:1 120 1 9

5:1 120 1 12

5:1 120 1 15
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was used to measure the hardness along the laser deposi-

tion direction with 0.2 mm as the measurement unit. Dur-

ing the hardness test, each sample was measured 10 times

to obtain the average value, the load was 10 N and the

loading time was 10 s. Tensile samples were sampled

along the scanning direction of the multi-pass cladding

layer. Tensile tests were carried out with displacement rate

of 0.2 mm�min-1 at room temperature using a universal

testing machine. To ensure the reliability of the data, three

tensile tests were performed for each group of tensile

samples. The dry wear tests were performed at room

temperature under a load of 5 N, using 6.35 mm diameter

GCr15 balls as the wear medium. The wear time for each

sample was 20 min while maintaining a frequency of 2 Hz

and a sliding length of 10 mm. The corrosion experiment

was carried out with a three-electrode system for electro-

chemical corrosion. The electrolyte was 3.5% NaCl

solution.

3 Results and discussion

3.1 Composite powder characteristics

Figure 2 shows SEM images of MMCs-1, MMCs-2 and

MMCs-3 under different ball milling time. It can be seen

that ball milling time and nano-WC-Co content have an

effect on the attachment of nano WC–Co particles in the

composite powder. When the nano WC–Co content is 5

wt%, the nano WC–Co particles are all attached to 420

stainless steel particles after different ball milling time

(Fig. 2a–c). However, as the content of nano-WC-Co par-

ticles increased, unattached nano WC–Co particles

(marked with white circles) in the form of agglomerates

appeared in both MMCs-2 and MMCs-3 after 9 and 12 h of

ball milling (Fig. 2d, e, g, h). Shi and Wang [6] pointed out

that the uniformity of nanoceramic particles coated on the

surface of metallic spherical powder was an important

indicator for the preparation of metallic nanocomposite

powder. In order to verify whether nano-WC-Co particles

are evenly attached to 420 stainless steel particles, EDS-

point analysis of MMCs-1, MMCs-2 and MMCs-3 under

different ball milling time was carried out. Figure 2 also

shows the diffraction intensity of W, C and Co elements on

the surface of each composite powder after different ball

milling time. Although nano-WC-Co particles in MMCs-1

are all attached to the surface of 420 stainless steel particles

after different ball milling time, the distribution of nano-

WC-Co particles is very different. Among them, the ele-

ments distribution difference of nano-WC-Co particles in

MMCs-1 after 3-h ball milling is the largest, and that after

6-h ball milling are the smallest. Owing to the presence of

unattached WC–Co nanoparticles in MMCs-2 and MMCs-

3 after 9- and 12-h ball milling, there are differences in the

diffraction intensity of the EDS elements at different

positions in the composite powder. In contrast, after 15 h

of ball milling, all the nano-WC-Co particles are attached

to the surface of 420 powder in MMCs-2 and MMCs-3, and

there is no significant difference in their EDS elemental

diffraction intensity. It means that nano-WC-Co particles

are evenly attached to the surface of 420 particles in

MMCs-2 and MMCs-3 after ball milling of 15 h. Results of

SEM images and EDS-points illustrate that elemental dis-

tribution of nano-WC-Co particles in MMCs-1, MMCs-2

and MMCs-3 is the most uniform after 6, 15 and 15 h of

ball milling, respectively.

For metal nanocomposite powder, in addition to a uni-

form distribution of nano particles on the surface of the

metal particles, the composite powder is required to have a

good shape, flowability and high tap density. Figs. S1–S3

respectively plot the particle shape distribution curves of

MMCs-1, MMCs-2 and MMCs-3 under different ball

milling time. Table 2 lists the circularity, Hall flow rate and

tap density of the composite powder with different ball

milling time and different nano-WC-Co contents, respec-

tively. It can be observed that the MMCs-1, MMCs-2 and

MMCs-3 after 6, 15 and 15 h ball milling, respectively,

present the best powder performance. This indicates that

the coating uniformity of nanoceramic particles on the

metal surface determines the properties of metal

nanocomposite powder.

It can be concluded from the above study that after 6-,

15- and 15-h ball milling, respectively, the nano-WC-Co

particles of MMCs-1, MMCs-2 and MMCs-3 not only

attached to the 420 surface uniformly, but the composite

powder presented the best morphology and properties. To

further illustrate the attachment effect of nano-WC-Co in

each composite powder at the optimum ball milling time,

elemental mapping of the surface and cross section of each

composite powder were carried out. In the mapping of

elements on the surface of each composite powder, the W,

C and Co are uniformly distributed on the surface of the

420 stainless steel spherical powder (Fig. 3). The same

phenomenon can be seen in the elemental mapping of the

cross section of each composite powder. As shown in the

elemental mapping of the cross section of each composite

powder (Fig. 3), the composite powder forms a core–shell

structure and the thickness of the shell increases with the

increase in nano-WC-Co content. In summary, after 6, 15

and 15 h of ball milling, respectively, MMCs-1, MMCs-2

and MMCs-3 all exhibited good performance.

It is clear that the composite powder prepared with the

optimal ball milling time has the best properties. And the

morphology of the powder was improved to some extent

during the ball milling process compared to the initial

powder morphology (Fig. 1a). Based on previous studies
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about the effect of ball milling parameters on the quality of

powder and formed part, the uniformity of ceramic parti-

cles in composite and optimal powder properties are the

prerequisite to ensure the performance of samples in

additive manufacturing (AM) process [8, 11, 18]. There-

fore, the composite powder prepared under optimal ball

milling parameters possesses the best powder performance

and performance of the formed part simultaneously. In the

Fig. 2 SEM images and EDS point analysis of ball milled samples: MMCs-1 for a 3 h, b 6 h and c 9 h; MMCs-2 for d 9 h, e 12 h and
f 15 h; MMCs-3 for g 9 h, h 12 h and i 15 h
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following section, the performance of the parts by DED

utilizing composite powder prepared under the optimal ball

milling parameters will be investigated.

3.2 Morphological features and microstructure
of cladding layers

The contact angle is a pivotal parameter reflecting the

compatibility between matrix and cladding material. The

contact angle can be calculated using the following equa-

tion [19]:

h ¼ 2arctan 2H=Wð Þ ð1Þ

where h is the contact angle; H is the height of single-pass

cladding; W is the width of single-pass cladding.

Figure 4a schematically shows the geometric character-

istics of a single pass cladding along the deposition direc-

tion. Figure 4b–d shows the morphology of single pass

cladding layers along the deposition direction of MMCs-1,

MMCs-2 and MMCs-3, respectively. It can be seen from the

morphology of each single pass that WC–Co is extremely

sensitive to the contact angle. When the content of nano-

WC-Co particles increases from 5 wt% to 10 wt%, the

contact angle changes significantly, and the contact angle

decreases from 127.38� to 114.02�. When the content of

nano-WC-Co particles increases to 15 wt%, the contact

angle changes moderately, and the contact angle decreases

from 114.02� to 113.07�. Owing to the high laser absorption
rate of WC and uniform coating of nano-WC-Co particles

on the surface of 420 stainless steel particles, the addition of

nano WC–Co particles will increase the temperature of the

molten pool. The increase in molten pool temperature will

reduce the surface tension of molten metal, which results in

the reduction in the contact angle between matrix and

cladding layer. Oliveira et al. [20] pointed out that a small

contact angle could ensure a good metallurgical bond, but a

small contact angle might cause gaps between passes in the

multi-pass cladding process, which would form holes and

cracks in the final cladding layer. Those holes and cracks

deteriorate the quality of DED formed parts. Therefore,

contact angle larger than 100� benefits better performance

of formed parts. Although the contact angle between the

single pass cladding layers and the matrix is greater than

100�, the decrease in the contact angle still has a certain

effect on the multi-pass cladding layer. As shown in

Fig. 4e–h, with the addition of nano-WC-Co particles, the

defects in the multi-pass cladding layer become more

obvious. When the content of nano WC–Co particles is 5

wt% whose contact angle is 127.38�, there are tiny holes

with average hole size of 25.92 lm (Fig. 4f) in the multi-

pass cladding layer. When the content of nano-WC-Co

particles increases to 10 wt%, the contact angle is 114.02�,
the holes in multi-pass cladding layer become larger and

cracks appear (Fig. 4g). The average hole size in MMCs-2

multi-pass cladding layer is 84.70 lm, in comparison that in

the MMCs-3 multi-pass cladding layer is 42.12 lm
(Fig. 4h). Although the contact angle of MMCs-3 is smaller

than that of MMCs-2, the average size of holes in multi-pass

cladding layer of MMCs-3 is smaller. This can be ascribed

to the higher tap density of MMCs-3 than that of MMCs-2,

and the tap density is the key factor to ensure the density of

DED formed parts. Wang et al. [21] investigated the per-

formance of formed parts of the same powder prepared for

DED in different ways separately, and the results showed

that the higher the tap density of the powder is, the higher

the density of formed parts is. Therefore, the higher tap

density of MMCs-3 powder endues the formed part with a

higher density than that of MMCs-2.

The micromorphology of the single pass composite

cladding layers along the deposition direction was

observed by SEM with back scattered electron detector.

The addition of nano-WC-Co particles leads to precipita-

tion of phases concentrated at grain boundaries, which are

used to prevent grain growth in the composite cladding

layer (Fig. 5). The more the nano-WC-Co particles, the

more obvious the precipitated phase and the smaller grain

size of the cladding layer is. Therefore, the introduction of

nano WC–Co induces the obvious grain refinement effect

Table 2 Powder characteristics of MMCs-1 after different ball milling time

Samples Ball milling time / h Circularity Hall flow rate / (50 g�s-1) Tap density / (g�cm-3)

MMCs-1 3 0.9010 18.70 4.76

6 0.9100 16.46 5.06

9 0.9007 18.82 4.88

MMCs-2 9 0.8764 17.98 4.57

12 0.8990 17.45 4.76

15 0.9012 17.35 4.78

MMCs-3 9 0.8811 20.12 4.76

12 0.8977 19.67 4.82

15 0.8982 18.58 4.88
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of Fe-based materials. Chen et al. [7] found that in the

process of powder bed fusion (PBF), a large amount of C in

WC diffused into the iron base matrix, and a large amount

of diffused C dissolved in the iron base matrix in the form

of interstices atoms. These diffused C atoms form (Fe,

W)xC type carbide with Fe and W elements. Figure 5

shows the elements mapping in each cladding layer. The C

atom of WC diffuses in the cladding layer, so it can be

inferred that the precipitates at grain boundaries are (Fe,

W)xC carbides. Figure 5 also shows EDS spectrum

Fig. 3 Element mapping of surfaces and cross sections of a MMCs-1, b MMCs-2 and c MMCs-3 after 6, 15 and 15 h of ball milling,
respectively

1Rare Met. (2023) 42(7):2419–2432
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corresponding to positions marked with red cross in each

cladding layer. The EDS spectra demonstrate that with the

increase in nano-WC-Co content, the W content in the

precipitated phase increases, while the content of Fe ele-

ment decreases. Therefore, the atomic ratio of Fe and W in

the precipitated phase varies is related to the mass fractions

of nano-WC-Co.

XRD patterns of the powder and cladding layers are

given in Fig. 6. Compared with powder (Fig. 6a), the phase

of cladding layers has changed significantly. Figure 6b

shows XRD patterns of the cladding layers of 420, MMCs-

1, MMCs-2 and MMCs-3. a-Fe is the dominant phase

within the microstructure of 420 cladding layer since 420

stainless steel is martensite steel. However, the addition of

nano-WC-Co will produce c-Fe phase in the cladding layer.
The strong diffraction corresponding to a-Fe and weak

diffraction corresponding to c-Fe in MMCs-1 cladding

layer are detected. As the content of nano-WC-Co is

increased to 10 wt%, the strong diffraction corresponding

to c-Fe and weak diffraction corresponding to a-Fe in

MMCs-2 cladding layer are detected. With the further

increase in nano-WC-Co content, the diffraction intensity

corresponding to a-Fe becomes weaker and diffraction

peaks of Fe3W3C and Fe2W2C carbides in the MMCs-3

cladding layer are detected. The increase in nano-WC-Co

particles changed the microstructure of 420 stainless steel

matrix from martensite to austenite. The diffraction cor-

responding to WC cannot be detected in the XRD patterns

of MMCs-1, MMCs-2 and MMCs-3, indicating that the

nano-WC-Co particles have undergone a complete disso-

lution within the 420 stainless steel matrix during the DED.

The complete dissolution of nano-WC-Co will increase the

content of carbon in the molten pool, thus reducing the

initial temperature of martensite transition and hindering

the martensite transition. Through element mapping

(Fig. 5), it can be seen that C atoms are dispersed in the

cladding layer, and the diffused carbon atoms are dissolved

in the matrix in the form of interstice atoms, thus affecting

the phase transformation of 420 matrix between austenite

and martensite. In addition, DED process is a non-equi-

librium process under rapid cooling, in which the 420

stainless steel matrix is in a supersaturated state and can no

longer directly dissolve more W and C atoms into the

matrix. Therefore, excess W and C precipitate as additional

carbide phases. The carbide precipitated phase in the

composite cladding layer is Fe3W3C and Fe2W2C carbides.

These carbides in MMCs-1 and MMCs-2 cladding layer

cannot be identified by XRD due to their low volume

fraction.

To further illustrate the phase distribution and

microstructure of formed part, EBSD analysis was carried

out along the deposition direction of the samples. The

corresponding phase maps, orientation maps and pole fig-

ure (PF) maps are shown in Fig. 7. The austenite content in

composites increases significantly with the increase in

nano-WC-Co particle content as shown in phase maps. The

austenite distribution in MMCs-1 is uniform, and the vol-

ume fraction is 41.8%. When the content of nano-WC-Co

is 10 wt%, the austenite content increases significantly, and

the volume fraction increases to 74.9%. While the content

of nano-WC-Co further increases to 15 wt%, the cladding

layer is almost austenite and the volume fraction of

Fig. 4 Cross-sectional morphology of single pass cladding layer: a geometric characteristics of single pass, b MMCs-1, c MMCs-2
and d MMCs-3; cross-sectional morphology of multi-pass cladding layers: e 420 stainless steel, f MMCs-1, g MMCs-2 and h MMCs-3
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austenite in MMCs-3 is 99.3%. The observation is con-

sistent with XRD analysis of the cladding layers (Fig. 6b).

According to EBSD orientation maps of nano-WC-Co

particles with different additive amounts, it can be found

that the introduction of nano-WC-Co particles has a sig-

nificant effect on grain refinement of 420 stainless steel

matrix. This finding is consistent with the microstructure of

the cladding layer (Fig. 5). Zhai et al. [22] confirmed that

the addition of ceramic particles would change the

microstructure of iron matrix and serve as heterogeneous

nucleation sites during solidification, leading to grain

refinement. The lath martensite structure can be clearly

observed in the microstructure of the composites with 5 wt%

nano-WC-Co, and the lath martensite becomes shorter and

narrower with the increase in nano-WC-Co mass fraction.

After the addition of 15 wt% nano-WC-Co particles, the

grain morphology of MMCs-3 exhibits significant differ-

ence from that of MMCs-1 and MMCs-2. The martensite

lath in the MMCs-3 almost disappeared, and a higher iso-

tropic feature of the iron matrix was obtained, as indicated

by the continuous color change in the orientation diagram.

The PF maps quantify the texture strength of the austenite

phase along\100[ ,\110[ and\111[ crystal orienta-

tions relative to the upper surface of the prepared each

sample. From the phasemaps that austenite is themain phase

of the composite structure, only the PF maps of austenite are

Fig. 5 SEM images, mapping and EDS analysis results of composite cladding layer: a MMCs-1; b MMCs-2; c MMCs-3
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given. In MMCs-1, the austenite microtexture is low, and

only the\100[ and\111[ textures are detected (Exp.

densitymax = 6.76). When the content of nano-WC-Co par-

ticles increases to 10 wt%, the intensity of texture

of\100[ and\111[ increases (Exp. densitymax = 10.15).

However, MMCs-3 has more uniform grain direction dis-

tribution and lower convergence (Exp. densitymax = 4.81)

than MMCs-1 and MMCs-2, which confirms that austenite

grains have high isotropy characteristics. Chen et al. [7]

showed that the higher the WC content was, the more

obvious the isotropic structure of composites was. However,

compared with PBF technology, the microstructure of

ceramic particles steel matrix composites prepared by DED

exhibits obvious isotropy. As studied by Zhai et al. [22],

ceramic particles act as nucleating agents during solidifi-

cation. From the point of view of thermodynamics, a slower

cooling rate can increase nucleation rate [23]. However, in

PBF and DED, the cooling rate is too large, leading to the

opposite relationship between the degree of undercooling

and the nucleation rate. The nucleation rate decreases with

the increase in cooling rate. Comparedwith PBF, the cooling

rate of DED is relatively slow, so more nuclei form in the

composite material, which ultimately leads to more obvious

isotropy of the material.

3.3 Properties of cladding layers

The average hardness of the single pass cladding layer of

420 stainless steel, MMCs-1, MMCs-2 and MMCs-3 is

shown in Fig. 8a. The addition of WC particles has been

found in numerous studies to be effective in increasing the

microhardness of the clad layer. Surprisingly, the addition

of WC/WC–Co particles will reduce the average hardness

of the cladding layer in this study [24–27]. Mola et al. [28]

found that the volume fraction of martensite in the mixture

of martensite and austenite determined its hardness. From

the phase maps of EBSD analysis (Fig. 7), the volume

fraction of austenite in the cladding layer increases with the

increase in the content of nano-WC-Co particles. There-

fore, the decrease in martensite content in cladding layer

leads to the decrease in hardness of cladding layers. When

the content of nano-WC-Co particles increases to 15 wt%,

the volume fraction of martensite in the cladding is the

lowest (Fig. 7c), but the diffraction peaks of carbides

appear in the MMCs-3 cladding layer (Fig. 6b), and the

precipitation of carbides would increase the hardness of the

cladding layer. Therefore, the hardness of MMCs-3 clad-

ding layer is improved.

Figure 8b shows the tensile yield strength of all tensile

samples at room temperature. Compared with the tensile

properties of the samples without nano-WC-Co particles,

the tensile properties of the samples with nano-WC-Co

particles are greatly reduced. The significant reduction in

tensile yield strength indicates that the incorporation of

WC–Co nanoparticles transforms the material from a

ductile to a brittle material. The tensile fracture mechanism

is shown in Fig. S4. According to the literature, the strength

and ductility of metal matrix composites can be improved

simultaneously by (i) grain refinement [29], (ii) non-equi-

librium grain boundaries [30] and (iii) precipitation of

nanoscale particles [31]. However, this is not applicable to

the composite prepared in this study. This illustrates that

the strength and ductility of stainless steel nanocomposites

may depend mainly on the combined effect of the types of

the stainless steel and ceramic particles.

In Fig. 8c, the results of wear tests at room temperature

are presented. According to the modified empirical equa-

tion [32]:

Fig. 6 XRD patterns of a composite powder and b cladding layer
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W ¼ k
P

H

� �
ð2Þ

where W is the wear rate, P is the applied load, H is the

material hardness, k is the pre-factor related to the material

ductility. When k and P are constants, increasing micro-

hardness can improve wear performance.

As shown in Fig. 8a, 420 stainless steel has the highest

hardness, but its wear performance is not the best. When

the content of nano-WC-Co particles is 15 wt%, the fric-

tion coefficient is the lowest, indicating that the wear

performance is the best. It has been pointed out that the

precipitation of carbide [33], the refinement of

microstructure [34] and the improvement of microhardness

[35] jointly improve wear performance. As shown in

Fig. 5, with the increase in nano-WC-Co particles content,

the amount of precipitated carbides at grain boundary

increases and the grain of cladding layer is further refined.

Through this study, it can be seen that grain refinement and

carbide precipitation are more effective in improving the

wear resistance of composites than increasing hardness.

However, MMCs-2 exhibits worse wear properties than the

420 stainless steel matrix. According to the literature

[36–38], the degree of densification has a certain influence

on the wear properties of composites. The densification

degree of MMCs-2 is the lowest due to the large pores and

cracks in MMCs-2 (Fig. 4g). Therefore, MMCs-2 has the

worst wear performance. The wear mechanism is illus-

trated in Fig. S5.

The corrosion current can be used to evaluate the cor-

rosion resistance of the alloys. Figure 8d shows the cor-

rosion current of the cladding layer with different mass

fractions of nano-WC-Co in the potential range from - 1.6

to 0.4 V. The 420 stainless steel cladding layer has a larger

corrosion current, while the composite cladding layers with

different mass fractions nano-WC-Co particles have a

smaller corrosion current. The decrease in corrosion cur-

rent means the improvement of corrosion resistance. This

indicates that the addition of nano-WC-Co particles

improves the corrosion resistance of the cladding layer.

The corrosion current of MMCs-2 increases due to more

defects in the cladding layer. Although the corrosion cur-

rent of MMCs-2 increases, the corrosion current of MMCs-

2 is less than that of 420 stainless steel cladding layer.

When the nano-WC-Co particles content is 15 wt%, the

corrosion current is the smallest, meaning the best corro-

sion resistance of the cladding layer. According to the

study of Zhang and Kovacevic [14], the addition of WC

will harm the corrosion resistance of 420 stainless steel.

This is contrary to the results obtained in this study. Owing

to the high density of WC particles, micron WC particles

mostly deposited in the bottom of the coating layer, which

reduce corrosion resistance. In this study, nano-WC-Co

particles are evenly distributed in the cladding layer

(Fig. 5), thus playing a protective role on 420 stainless

steel matrix. Therefore, the uniform distribution of

nanoceramic particles can effectively improve the corro-

sion resistance of composites.

Fig. 7 Phase map of EBSD analysis of a MMCs-1, b MMCs-2
and c MMCs-3
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4 Conclusion

MMCs-1, MMCs-2 and MMCs-3 composite powder with

good powder properties were prepared by ball milling

process under the optimum ball milling time, respectively.

Then, the single-pass and multi-pass cladding layers were

prepared by DED technology. The composite powder has

optimal powder properties when the nano-WC-Co particles

are uniformly adhered to the spherical surface of 420

stainless steel. The addition of nano-WC-Co particles

results in a significant change of the contact angle between

the composite cladding layer and the matrix. The decrease

in contact angle increases the possibility of defects in the

multi-pass composite cladding layer. The incorporation of

nano-WC-Co particles not only has a vital grain refinement

effect in the microstructure of the composite cladding

layer, but also has a significant effect on the isotropy of the

composite cladding layer. The addition of nano-WC-Co

particles greatly influences the mechanical properties of

cladding layers. Compared with those of 420 stainless steel

cladding layer, the hardness and tensile yield strength of

composite cladding layers are decreased. The fracture of

cladding layer changes from ductile fracture to brittle

fracture. However, the addition of nano-WC-Co can

effectively improve the wear and corrosion resistance of

cladding layer.
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