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Abstract: Fe-Mo functionally graded materials (FGMs) with different composition-change rates from 100% 304 stainless steel to
100% Mo along the composition gradient direction were prepared by electron beam-directed energy deposition (EB-DED) technique,
including three samples with composition mutation of 100%, composition change rate of 10% and 30%. Results show that the
composition-change rate significantly affects the microstructure and mechanical properties of the samples. In the sample with abrupt
change of composition, the sharp shift in composition between 304 stainless steel and Mo leads to a great difference in the
microstructure and hardness near the interface between the two materials. With the increase in the number of gradient layers, the
composition changes continuously along the direction of deposition height, and the microstructure morphology shows a smooth
transition from 304 stainless steel to Mo, which is gradually transformed from columnar crystal to dendritic crystal. Elements Fe, Mo,
and other major elements transform linearly along the gradient direction, with sufficient interlayer diffusion between the deposited
layers, leading to good metallurgical bonding. The smaller the change in composition gradient, the greater the microhardness value
along the deposition direction. When the composition gradient is 10%, the gradient layer exhibits higher hardness (940 HV) and
excellent resistance to surface abrasion, and the overall compressive properties of the samples are better, with the compressive fracture
stress in the top region reaching 750.05+14 MPa.
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such as nose collapse, steel sticking, and cracking. These
issues significantly impact the service life of perforated heads
and the dimensional accuracy of seamless steel pipes”™. Pure

1 Introduction

The rapid development of aerospace, nuclear power, ships,

and other engineering fields demands increasingly high molybdenum, known for its high melting point, strength, wear

performance from components operating in extreme

resistance, and thermal conductivity, has become the primary

conditions! . The perforated head, a crucial part of seamless
steel tube production, is exposed to temperature surpassing
1000 °C, complex stresses, and surface friction, creating chall-
enging service conditions® . To prolong the service life, the
perforated head must satisfy the demands of high temperature,
high stress, and high friction. Low-alloy steel, traditionally
used as a material for perforated heads, is prone to problems
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material for preparing perforated heads, gradually replacing
low-alloy steel. However, pure molybdenum is expensive,
lacks plasticity and toughness, and is prone to cracking after
prolonged perforation at high temperature, which greatly
restricts its potential applications'.

Currently, a new type of piercing plug has been

developed™. It uses die steel as the plug matrix, with a
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molybdenum nose embedded into the plug and a hardened
alloy layer of Fe-Mo bimetal formed by metallurgical
bonding. This unique preparation of Fe and Mo as a bimetallic
material structure allows for the benefits of both alloys to be
realized while reducing material costs. 304 stainless steel is an
ideal choice for mold manufacturing due to its resistance to
corrosion and heat™™. However, the thermal expansion coeffi-
cients of 304 stainless steel is different from molybdenum
and its alloys, and when directly connected, intermetallic
compounds may form at the interface, leading to stress
concentration and cracking”. Functionally graded material
(FGM) is a new type of composite material that combines
two or more materials by changing the composition of the
materials through a gradient”®"". This gradient change in the
microstructure and properties of the parts results in better
mechanical properties in the gradient region. By preparing
Fe-Mo FGMs, the composition transition between two metals
can greatly reduce stress concentration and cracking?.

The traditional methods of preparing FGMs include vapor

14 powder metallurgy™”, etc.

deposition™, centrifugal casting
However, these methods have various drawbacks such as
difficulty in regulating continuous gradient changes, poor
interfacial bonding performance, and low long-term stability.
These issues restrict the ability to fully utilize the performance
advantages of FGMs. Additive manufacturing (AM) technique
uses high-energy beams, such as laser, arc, or electron beams,
as a heat source. By using high-energy beam currents to melt
powder or wire and depositing material layer-by-layer, near-
net shaping and good metallurgical bonding between layers
can be achieved'”. AM provides a new way to prepare FGMs
by depositing materials layer-by-layer, enabling precise
control of composition and multiple structures at the
microscopic level"”. Osipovich et al"” used a double-feeder
electron beam AM method to adjust the copper/steel gradient
content in the transition zone by adjusting the feed rate,
forming a steel-copper FGM with a gradient structure,
complete interlayer deposition in the sedimentary body, and
no defects such as cracks. And it was determined that the
solidification of copper mainly occurred in the inter-dendritic
gap along the direction of the main axis of the steel dendrites.
Shu et al" successfully obtained a gradient plating by
depositing T2 copper violet on AISI-304 stainless steel using
electron beam free-forming technique. The microstructure of
the deposited layers and the interface between neighboring
layers were studied, and the results showed that the
distribution of element Fe was more uniform with the increase
in the number of Cu plating layers. Chen et al'” prepared
TC4(Ti6Al4V)-316L stainless steel FGM using the wire arc
AM process. During the preparation, they carried out the wire
feeding process along with tungsten inert gas shielded
welding, adjusted the wire feeding speed (WFS) and deposited
different mass percentages of Fe for each layer along the
sample stacking direction, pointing out the advantages of good
corrosion resistance, high specific strength, and low cost of
TC4(Ti6Al4V) -316L FGM. Zuback et al®” used the laser-
directed energy deposition technique to obtain functionally

gradient transition joints between ferrite and austenite alloys
using compositional gradient joints instead of heterogeneous
joints, reducing carbon loss from ferrite alloys due to sudden
changes in the carbon chemical potential and demonstrating
the effectiveness of gradient joints under service conditions.
Shah et al”®! investigated the effects of laser power and
powder feed rate on microstructure and properties,
discovering that controlling carbide generation through input
parameters allows for the selective preparation of materials
with specific hardness and wear resistance. In summary, these
studies mainly focus on the two aspects of forming process
regulation and performance optimization. There are few
studies on the effect of compositional change rate on the
interfacial bonding properties and microscopic defects of
FGMs!"”,

Electron beam-directed energy deposition (EB-DED)
technique, as a kind of AM technique, utilizes the electron
beam flow as the heat source, and feeds the same or different
types filaments into the molten pool simultaneously or
alternately by changing the WFS in a high vacuum
environment, to realize the flexible regulation of the
composition ratio of each deposition layer™.

In this study, Fe-Mo FGMs with different compositional
change rates were prepared using EB-DED technique.
Regulate the WFS of 304 stainless steel and Mo wire to
explore the changing rules of microstructure, elemental
changes, microhardness, friction and wear, and compression
properties. Through experiments and data analysis, the new
design principles to improve the interfacial bonding properties
and overall mechanical properties of FGMs were proposed.
These principles also guide the application of high-
performance parts in various environments.

2 Experiment

For the experiments, 304 stainless steel wire and Mo wire
with the diameter of 1.2 mm were used as raw materials. The
304 stainless steel with dimensions of 150 mm>100 mmx10
mm was used for the substrate. The chemical composition of
the Mo wire and the substrate is given in Table 1 and Table 2,
respectively.

Fig. 1 shows the schematic diagram of the EB-DED
equipment system, which mainly consists of an electron gun,
vacuum system, wire feeder, work platform and central
control system. The deposition experiment was conducted in a
vacuum environment with a pressure of 5x10° Pa. During

Table 1 Chemical composition of Mo wire (wt%)

Fe Zr La Si Ni Mo

0.009 0.030 0.300 0.020 <0.002 Bal.

Table 2 Chemical composition of 304 stainless steel substrate
(Wt%)

Cr Ni Mn Si C Fe

19.300 9.050 1.780 0.470 0.020 Bal.
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beam gun
304 stainless steel wire |

Elgeton J.‘Electron gun

Fig.1 Schematic diagram of EB-DED process

fabrication, the electron gun emitted an electron beam, and the
high-energy electron beam was irradiated onto the metal
surface to form a molten pool. The metal wire was fed into the
molten pool through the wire feed system and melted into a
liquid in the molten pool. Layer-by-layer deposition was
achieved by moving the working platform. The detail
deposition parameters of EB-DED are given in Table 3. Due
to the undercooling of the substrate during the initial
deposition, in order to ensure the smooth forming, the
substrate was firstly preheated 2—3 times. In addition, cooling
should be carried out for 30 min during the continuous
deposition process to prevent excessive heat accumulation
from causing equipment damage or deposit collapse.

To investigate the effect of gradient compositional design
on the deposited samples, three different thin-walled samples
were prepared on 304 substrates using EB-DED technique. S1
refers to Fe-Mo bimetallic materials with abrupt composi-
tional changes. S2 and S3 refer to Fe-Mo FGMs with a com-
position change rate of 10% and 30%, respectively. Fig. 2
shows schematic diagrams of the three thin-walled samples.
By controlling the WFS of the two wires, each layer of S1, S2,
and S3 samples with different composition design can be ob-
tained. Table 4 lists the WFS corresponding to the composi-
tion of each layer. To maintain the same volume of material
deposited per unit time, the WFS of the two materials was
kept constant at any moment, with the sum of the WFS being
600 mm/min. The two wire materials were fed simultaneously
at different WFSs to achieve the desired composition for each
layer. The design compositions with respect to the WFS of
304 stainless steel (v,) and Mo (v,) are as Eq. (1)

PiVy
PVt PV, O
where, v,+1,=600 mm/min, p, and p, are the densities of the
304 stainless steel and Mo, respectively, p,=7.93 g/cm’, and p,

Ps0a(Wt%) =

g
z i
=4
g
o
©

Table 3 Basic parameters of EB-DED

Parameter Value
Focusing current, //mA 550
Beam current, [ /mA 45
Travel speed, v/mm*min™' 200
Total WFS, v/mm-min™' 600

10%304+90%Mo
20%304+80%Mo
30%304+70%Mo
40%304+60%Mo
50%304+50%Mo
60%30440%Mo
70%304+30%Mo
80%304+20%Mo
90%304+10%Mo

b - c
10%304+90%Mo

40%304+60%Mo

70%304+30%Mo

Fig.2 Composition design of three samples: (a) S1; (b) S2; (c) S3

Table 4 WEFS corresponding to designed composition

| «—OM, SEM
XRD, and
wear samples

Ratio of 304 WES of 304
stainless Nu.II.Iber of stainless steel, WES of IV.IO,,IVZ/
steel/wi% deposition layers B— mmmin

100 4 600 0
9% 8 550 50
80 12 500 100
70 16 450 150
60 20 400 200
>0 24 340 260
40 28 280 320
% 32 210 390
20 36 150 450
10 40 80 520
0 44 0 600
=10.23 g/cm’.

The microstructure and interface characteristics of the three
thin-walled components were observed by Zeiss optical
microscope (OM, Axio Imager. A2m) and scanning electron
microscope (SEM, Hitachi S-4800). Fig.3a is the schematic

b

Testing
position

Fig.3 Schematic diagram of EB-DED thin-wall components: (a) OM, SEM, XRD and wear samples; (b) hardness testing position; (c) size of

compression sample
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diagram of the sampling location of the studied samples. The
metallographic samples were polished with sandpaper and
then polished using 50 nm SiO, polishing solution. And the
samples were corroded using corrosion solutions of FeCl,:HCl:
H,0=1:3:4 and K,[Fe(CN),]:NaOH=1:1. The phase composi-
tion of the deposited samples and the diffusion distribution of
chemical elements were analyzed by X-ray diffraction (XRD,
Bruker D8-Advance) and energy dispersive X-ray spectro-
scope (EDS, X-flash Detector 5030).

The Vickers microhardness tester (HX-1000TM) was
employed to measure the microhardness of different gradient
interface regions, as shown in Fig. 3b. The applied load of
500 g and dwelling time of 10 s were set up. The compression
tests (Zwick/Roll Z030TH) were conducted along the
longitudinal direction of the metal deposition. The size of the
compression sample is shown in Fig. 3c. The surface
morphology and fracture morphology of the compressed
samples were observed by SEM after loading to fracture at a
compression loading rate of 0.2 mm/min. Linear reciprocating
wear test (R-TEC MFT-5000) was conducted using a GCrl5
steel ball with a diameter of 6.35 mm. Conducting tests were
performed with a 4 mm stroke at a load of 12 N and a
reciprocating speed of 4 mm/s for 10 min. After the friction
wear test, the wear surface was observed with SEM. The three-
dimensional (3D) profilometer (S neox) was used to test the
3D morphology of the wear scar. The cross section and
volume wear of the wear scar were measured by the matching
graphics processing software, and the specific wear rate was

calculated by Eq.(2)**:
V
W= PS5 (2

where W is the specific wear rate (m’*N"'-m"), V is the
wear amount (m’), P is the load (N), and S is the friction
stroke (m).

3 Results

3.1 Microstructure analysis

Fig. 4 shows optical micrographs of the S1 sample in
different compositional regions. It can be observed that
unmelted Mo metal droplets (Fig.4a) and a large number of
cracks (Fig.4b—4f) appear at the interface of Mo and 304
stainless steel. The sample experienced a serious fracture,
indicating that the S1 sample failed to achieve effective
metallurgical bonding between Fe-Mo bimetals. The observed
phenomenon was attributed to the significant difference in the
coefficient of thermal expansion between Mo and 304
stainless steel. S1 sample was directly connected to the
elemental composition interface of the sudden transition,
resulting in stress concentration and the formation of brittle
intermetallic compounds. During the electron-beam fused-
wire deposition process, the mismatch in expansion and
contraction led to elemental segregation, and the formation of
cracks and microdefects. Additionally, the presence of many
unmelted metal droplets in the deposition layer contributed to
material fracture and failure™ °l,

The microstructures of S2 and S3 samples were observed
using OM. Fig. 5 — Fig. 6 display the morphologies of the
deposited samples from the bottom 304 stainless steel region
to the top Mo. At the bottom, coarse columnar crystals are
observed, gradually forming a preferred crystal orientation
along the stacking direction and growing perpendicular to the
substrate. Along the composition gradient, the microstructure
boundary between adjacent deposited
gradually blurred, transforming into equiaxed crystals and
then into fine dendritic crystals in the top region. There is
good metallurgical bonding between various deposited
transition layers. Microstructure changes in the S3 sample
appear to be more significant than that in the S2 sample,

layers becomes

100 pm

Fig.4 OM morphologies of S1 sample in different regions: (a) unmelted Mo droplets; (b—f) microcracks
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particularly with the increase in the composition change rate.
The microstructures of the bottom region of the samples are
depicted in Fig.5a and Fig. 6a. It consists of columnar den-
drites of y-austenite and a small amount of residual J-ferrite,
with the columnar austenite growing along the direction of
deposition (z-direction) and the o -ferrite distributed at the
y-grain boundaries””. The microstructures of the intermediate
region of the deposited thin wall are shown in Fig.5b—5c and
Fig. 6b — 6¢c. The morphologies of the S2 sample comprise
homogeneous columnar crystals and cellular crystals, while
the grains of the S3 sample show different morphologies with
obviously biased aggregation. The sample is deposited layer-
by-layer in a vacuum environment, and repeated thermal
cycling increases the heat accumulation in the molten pool.
The heat flow is dissipated through the 304 stainless steel
substrate, and the cooling rate is relatively fast™. Under these
conditions, the temperature gradient at the edge of the molten
pool is the largest, and the solidification rate is relatively low,

favoring the growth of cellular dendrites and resulting in
longer columnar crystals and coarser cellular dendrites in the
intermediate region.

In Fig.5d and Fig.6d, the microstructures of the top region
of the formed samples, whose growth direction has been
shifted, are mainly composed of dendrites. When the solidifi-
cation proceeds to the top of the formed part, the temperature
gradient direction of the solid/liquid interface changes from
the deposition direction to the scanning speed direction. In
creating the next layer by electron beam fuse deposition, the
cladding layer will have a certain penetration depth, and the
steering dendrite layer of the previous layer will be remelted.
Therefore, only the top region of the whole formed sample
retains the transformation of the dendrite growth direction
during the complete solidification process™™ .

Comprehensively comparing the microstructures of S1, S2,
and S3 samples, it is found that there are obvious defects
between the interfaces of S1 samples. And good metallurgical

= Q.Q?%
2 hed
]
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o ®o
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Fig.6 OM morphologies of S3 samples from bottom 304 stainless steel region to top Mo region: (a, ¢) bottom; (b—c, f-g) middle; (d, h) top
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bonding between the interfaces of adjacent deposition layers
fails to be formed. Whereas S2 and S3 samples, along the
deposition height, form different
microstructures, with continuous and uniform changes in the
gradient transition layers and no defects, such as cracks, pores
and other defects, and strong metallurgical bonding between
the interfaces of adjacent layers is formed.

The microstructural

direction of the

elemental
distribution of the top, middle, and bottom regions of S2 and
S3 samples were analyzed by SEM and EDS. In Fig.7-Fig.8,
the EDS element maps display the distribution of elements
Mo and Fe at different regions. The changes in the distribution
of these elements across the cross-section can be observed
from the bottom region of 304 stainless steel to the top region
containing Mo. Clear interfaces are visible in the different
gradient regions, and there
differences in light and dark shades. The element Fe
gradually  decreases along the deposition
(z-direction), whereas the element Mo gradually increases
along the same direction. This pattern aligns with the intended
composition change trend.

Comparing the trend of elemental distribution in Fig.7 and
Fig.8, it is found that the distribution of elements Fe and Mo
in S1 and S2 samples is almost the same. The distribution of
elements along the deposition direction gradually transitions

transformation  and

transition are noticeable

direction

from Fe to Mo, and the change of elemental distribution at the
interface is more obvious. Due to the stirring effect of the
electron beam energy on the molten pool, good diffusion of
elements Fe and Mo is realized, which alleviates the
inhomogeneous phenomenon of stepwise elemental changes
and lays the foundation for the metallurgical bonding of the
subsequently deposited layers.

Fig. 9 and Fig. 10 demonstrate the SEM images and
corresponding EDS line scanning results of the S2 and S3
sample interfaces, respectively. In the bottom region of the
deposited sample, the difference in microstructure at the
interface between 100% 304 stainless steel and 90% 304
stainless steel+10% Mo is obvious, and the interface is clear.
With the increase in Mo content and the number of deposited
layers, the mixed region exhibits a relatively homogeneous
transition structure, and the layer interface of the sample
gradually becomes blurred, as shown in Fig.9i—9j. The EDS
line scanning results confirm the fluctuation of the content of
major alloying elements (Mo, Fe, Cr, and Ni) in the adjacent
interfacial region. The content of element Mo gradually
increases along the direction of sample deposition, while the
content of elements Fe, Cr, Ni slowly decreases. S2 sample
shows a smoother elemental change due to the small change
rate of the composition, and the major elements Fe, Mo, Cr,
and Ni in the gradient transition region along the direction of

500 pm

Fig.7 SEM images and corresponding element distribution in top (a), middle (b), and bottom (c) regions of S2 sample
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500 pm

Fig.8 SEM images and corresponding element distribution in top (a), middle (b), and bottom (c) regions of S3 sample

the composition gradient show a good linear relationship. In
each composition transition region, due to the impermissible
dilution effect, the content of each element gradually changes,
alleviating the uneven phenomenon of stepwise elemental
changes, which is the result of full diffusion between layers.
For the S3 sample with a compositional change rate of 30%,
the elemental content of Fe, Mo, Cr, and Ni shows a certain
degree of nonlinear relationship. The elemental content at the
interface changes sharply, and the elemental transition is not
smooth. A comprehensive analysis of the above shows that the
reduction of the composition gradient will promote the uni-
form transition of the composition without elemental abnor-
mal distribution and sharp changes, eliminating the sudden
microstructure change in the layer interfacial connection of
the heterogeneous materials, which makes the microstructure
transition uniform, and ensures the overall performance of the
functional gradient material at the same time.

3.2 Phase composition in gradient direction

The XRD patterns of the different gradient-deposited layers
of S2 and S3 samples can be found in Fig.11 and Fig.12. The
main phase in the 304 matrix is face-centered cubic (fcc)
austenite. With an increase in Mo content and the number of
deposited layers, new peaks not corresponding to the y-phase
or the pure Mo phase in 304 stainless steel appear in the S2
and S3 samples, indicating the presence of a secondary phase.

The S2 sample forms the Fe,Mo, strengthened phase in the
deposited layers of 80% 304 stainless steel+20% Mo, while
the S3 sample similarly forms the Fe,Mo, strengthened phase
in the deposited layers of 70% 304 stainless steel+30% Mo.
This suggests that the S2 and S3 samples have the same phase
composition when the rate of compositional change is
different. The XRD results are analyzed to conclude that the
phase transformation process of S2 and S3 thin-walled
samples is Fe,Mo—Fe,Mo,—Fe, Mo, —Fe Mo,. Along the
deposition direction of the samples, the intensity of the
Fe,Mo, diffraction peaks is gradually increases, while the
intensity of the Fe,Mo diffraction peaks is gradually
weakened.
3.3 Effect of composition change rate on microhardness
Microhardness testing reflects the strength and wear
resistance of a material. As can be seen in Fig. 13, the
microhardness values of single 304 stainless steel at the
bottom of the deposited layer are approximately 200 HV, with
minimal changes. The microhardness curve of S1 sample
shows a sharp increase near the fusion line and irregular
overall. As for the S2
compositional change rate of 10%, the curve demonstrates a

fluctuations sample with a
continuous increase in microhardness along the deposition
direction near the gradient deposition layer, reaching a
maximum microhardness value of 940 HV. In contrast, the
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microhardness curve of the S3 sample with a compositional
change rate of 30% reveals a higher maximum microhardness
value but an overall lower value.

Combined with the above analysis, the direct connection of
the S1 sample will form brittle intermetallic compounds,
which are harmful to the interface, resulting in uneven
microhardness distribution and irregular changes in the

P For Fe-Mo FGMs, the composition gradient change

curve
can reduce the heat accumulation between the Fe-Mo interface
to reduce the thermal stress effect on the interfacial properties.
According to the analysis of the microstructure evolution
results, the gradient layer shows a fine and uniform grain

structure in the sample with a composition change rate of

10%. From the Hall-Petch formula®", the finer the grain size,
the better the strengthening effect and the higher the micro-
hardness value, which is consistent with the microhardness
curve of the S2 sample.

3.4 Tribological behavior

Fig.14 shows the friction and wear curves of the S2 and S3
samples and their corresponding average coefficients of
friction (COF). The results show that the COF of the samples
are in the range of 0.50—0.75 at a load of 12 N. The COF is
one of the most important indexes characterizing the friction
and wear performance, which is independent of the contact
area and the sliding speed, and mainly reflects the surface
roughness of the sample®. It can be observed from Fig. 14a
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Fig.12 XRD patterns at different positions of S3 sample

and Fig. 14c that the trend of the COF curves of the sample is
similar. Due to the cold welding effect between the grinding
ball and the surface of the friction sample, after the initial
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Fig.13 Microhardness curves of three samples

stage of generating wear, the appearance of abrasive debris on
the surface of the sample makes the roughness increase
substantially, and the surface structure of the sample is
gradually deteriorated, leading to the formation of more
abrasive particles under the action of the grinding ball, which
exhibits a higher COF”". With the prolongation of the friction
time, the wear surface of the sample and the top of the counter-
abrasive ball undergo shearing, abrasion, and other processes,
and the COF tends to stabilize.

It can be seen from the previous analysis that the 304
stainless steel prepared by EB-DED has a high microhardness,
so its COF is low, and the friction effect of the grinding ball
on the friction surface is not obvious. With the increase in Mo
content, the microstructure of the sample becomes denser, and
the sample shows higher microhardness, a small COF, and
significantly improved wear resistance. As shown in Fig. 14b,
for Fe-Mo FGMs with a composition change rate of 10%,
with the increase in Mo content, the material has high surface
microhardness (Fig. 13) and dense structure (Fig.5), and the
wear resistance is improved more significantly. The average
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Fig.14 COF curves (a, ¢) and average COF (b, d) of S2 sample (a—b) and S3 sample (c—d)

COF along the composition gradient direction gradually
decreases, indicating that the friction effect of the grinding
ball on the surface of sample becomes less and less obvious,
and the surface wear resistance gradually increases. In
addition, the hard phase in the sample can be used as a carrier
of load and shear force to significantly improve the wear
resistance of the material®. For the Fe-Mo FGMs with a
composition change rate of 30%, as shown in Fig. 14d, the
hard phase content changes rapidly, the hardness distribution
is uneven and the microhardness value is low, resulting in
irregular fluctuations of the COF. The average COF of each
deposition layer is quite different, so the wear resistance of the
S3 sample is worse than that of S2, and the ability to resist
deformation is insufficient.

Based on the abrasion profiles obtained by the 3D
profilometer along the deposition direction, it is evident that
the abrasion depths in the 304 stainless steel regions of
samples S2 and S3 are greater than those in the Mo region.
This trend is visible in Fig.15a—15b and Fig. 15e—15f. In the
middle region of the samples, as depicted in Fig.15¢c—15d, a
similar wear mark cross-sectional shape is observed, falling
between the 304 stainless steel and Mo regions in terms of
magnitude. The top region of the S2 sample exhibits the
narrowest and the shallowest wear profile, resulting in the
smallest loss of wear volume, and indicates better friction
wear performance. Comparatively, the S3 sample demon-
strates similar but poorer friction wear performance.

According to Eq. (2), the specific wear rates in different
areas of S2 and S3 samples were analyzed and calculated, as
shown in Fig. 16. The specific wear rate is the most direct
parameter reflecting the wear resistance of the sample
surface™. The specific values for S2 sample from bottom to
top are 1.75x10", 0.85x10", and 0.30x10 " m*/Nm, and are

1.69x10°™", 1.51x107", 0.50x10™" m?*/Nm for S3 sample. The
trend of wear resistance coincides with the previous analysis,
with high microhardness, good abrasion resistance, and a
small specific wear rate. The top region of the S2 sample with
a compositional variation of 10% exhibits the lowest specific
wear rate, indicating the best wear resistance. The S3 sample
with a compositional variation rate of 30% has a high specific
wear rate in the middle region, but its wear resistance is poor.
The SEM images of the wear mark surfaces are given in
Fig. 17 and Fig. 18. The presence of abrasive and adhesive
wear can be seen in the obtained SEM images, where the main
areas of 304 stainless steel exhibit abrasive wear. The plow
furrows parallel to the sliding direction of the sample and
wear debris are present in the abrasion scars, as shown in
Fig.17a and Fig.18a, which are usually caused by the removal
of material due to the surface sliding of the hard particles
concerning the surface of material®. The presence of deeper
furrows and deep grooves on the surface significantly reduces
the wear resistance of the samples. And the relatively deep
furrows and grooves observed in the wear morphology of the
S2 sample with a compositional change rate of 30% corro-
borate the poor wear resistance of the S3 sample. Mo region is
not prone to friction under dry sliding conditions due to its
high hardness and good thermal conductivity. The abrasion
marks are very shallow (even invisible) and narrow, so the
main wear region of Mo exhibits an adhesive wear mechanism
with a small amount of abrasive wear, as shown in Fig.17j and
Fig.18e, demonstrating its excellent wear resistance.
3.5 Effect of compositional change rate on compressive

properties
Fig.19 compares the compressive stress-strain curves of the
S2 and S3 samples. In all cases, compression testing was



564 Li Danni et al. / Rare Metal Materials and Engineering, 2025, 54(3):554-568

Depthimm

0015

Bows |
oo

g
(=}
o
<
~
=
)
—

oy w 00 02 04 06
Scan Length/mm

0 0.4 0.8 1.2
ST d
T
= 8
- S0
oo S
0.006 O
-

00 02 04 06 08 1.0

1S f

lil 1.0
.. 05
:"%0.0
‘;*g—O.S
1 R-1.0
1.5
20

00 02 04 06 08 1.0

Scan Length/mm

3
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Fig.16 Specific wear rate of S2 sample (a) and S3 sample (b)

carried out until the samples fractured. The compressive
strength of the S2 and S3 samples increases gradually with the
increase in Mo content. The fracture stress of the S2 sample
increases from 595.10+11 MPa at the bottom to 750.05+14
MPa at the top, and the corresponding fracture strain increases
from 12.56%+3% to 17.68%+6%. The fracture stress of the
S3 sample increases from 465.74+10 MPa at the bottom to
526.66£7 MPa, and the corresponding fracture strain
increased from 9.02%+2% to 9.41%+4%. Considering the
fracture stress and the corresponding fracture strain, it can be
concluded that the compression performance of the S2 sample
is better than that of the S3 sample.

Fig. 20 shows the surface morphologies of compression
fracture of S2 and S3
compression samples occurred in the middle position. The
fracture of S2 and S3 samples is smooth, and very obvious

samples, and the damage of

cleavage steps and river patterns can be seen, which indicates
that brittle fracture occurs in the vertical compression sample
during the compression test, and the fracture type is cleavage
fracture. The fracture surfaces of the S2 sample with 10%
compositional change and the S3 sample with 30% composi-
tional change both have a certain number of cracks, but the
crack content of the S3 sample is higher than that of the S2
sample. The compression morphologies of the top region, as
shown in Fig.20c and 20f, the fracture of the interface region
of the S3 sample is relatively flat, and the fracture mode is
manifested as a deconvoluted fracture, presenting a river-like
pattern. And obvious microcracks can be seen on the fracture
surface, which is characterized by obvious brittle fracture
characteristics. The fracture morphology of the S2 sample is
also characterized by brittle fracture characteristics, but more
tear ribs are present on the fracture surface, as shown in



Li Danni et al. / Rare Metal Materials and Engineering, 2025, 54(3):554-568

565

Fig.17 SEM images of wear surfaces of S2 sample with different Mo content: (a) 10%; (b) 20%; (c) 30%; (d) 40%; (e) 50%; (f) 60%; (g) 70%;

(h) 80%; (i) 90%; (j) 100%
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Fig.18 SEM images of wear surfaces of S3 sample with different Mo content: (a) 0%; (b) 30%; (c) 60%; (d) 90%; (e) 100%
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Fig.19 Engineering stress-engineering strain curves at different locations of S2 sample (a) and S3 sample (b)

Fig.20c, which implies that the brittleness of the interfacial
region is improved, and the compression performance of S2
sample is better than that of S3 sample.

4 Discussion

4.1 Microstructure evolution during EB-DED process and
formation of Fe-Mo phase
The solidification pattern in AM processes is determined by
the ratio (G/R) of the temperature gradient (G) to the growth
rate (R). In this process, lower G/R ratios result in the
formation of dendritic structures in the deposited layer, espe-

cially in the presence of elements (e.g. Mo) whose solidifica-
tion equilibrium partition coefficients are significantly less
than 1. As the Mo content and the height of the deposited
layer increase, the temperature gradient and cooling rate
gradually decrease. The microstructural morphology of Fe-Mo
FGMs varies in different parts, mainly including columnar
crystals, cytosolic crystals, and dendritic crystals.

As demonstrated by Reichardt et al®, columnar grains
were the result of partial remelting of the previously deposited
layer, which allowed the previous grains to act as nucleation
sites for the solidification of subsequent layers. During the
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Fig.20 Fracture morphologies of S2 sample (a—c) and S3 sample (d—e) at different locations: (a, d) 304; (b, e) 304/Mo; (c, f) Mo

deposition process, the subsequently deposited layer remelted
the organized regions on the surface of the previously
deposited layer. The chemical composition and growth
direction of the grains in the molten pool were close to those
of the grains underneath the remelted zone, which provided
conditions for continuous grain growth®”. With the increase in
Mo content, the number of alloying elements in the liquid-
phase molten pool increased, and the solute concentration
rose, leading to compositional supercooling, an increased
nucleation rate, and the formation of finer dendrites during
solidification”,

The key reasons for the formation of the Fe-Mo phase in
the EB-DED process are the homogenization and mixing of
the elements Fe and Mo in the molten pool, and the
designed near-equivalent
composition. The EB-DED process used in this experiment

achievement of the atomic

Electron beam

304 stainless
steel wire

) 'Elements Fe and Mo mixed in droplet form
(2) Elements Fe and Mo mixed in molten pool
(8) Homogeneity improved by remelting

Substrate

X

Fig.21 Mixing process of elements Fe and Mo during EB-DED

has three special features, which help to promote the mixing
and homogenization of elements Fe and Mo, thus contributing
to the formation of the Fe-Mo phase, as shown in Fig. 21.
Firstly, a stable eutectic pool is formed by precisely
controlling the feeding and melting of Fe and Mo wires to
achieve a continuous droplet transition. In this dual-feeder
simultaneous feeding mode, the Fe and Mo wires have already
melted into droplets and started mixing before entering the
molten pool, which allows the elements to fully diffuse and
undergo metallurgical reactions in the droplets while avoiding
metal splashing. The results show that, firstly, the overall
chemical composition of the melt pool (Fe/Mo ratio) is
essentially consistent with the design values, although a small
amount of Fe may be lost through evaporation. Secondly,
when a droplet enters the molten pool, the elements Fe and
Mo have enough time to further diffuse and to mix in the
molten pool due to the high heat input in the EB-DED
process, the stirring effect of the electron beam, and the low
cooling rate in the vacuum environment. Thirdly, during the
multilayer deposition process of EB-DED, the previous layer
or even the first few layers may remelt when a new layer is
deposited, which is manifested as a continuous microstructure
in the Fe-Mo FGMs parts (as shown in Fig. 5 —Fig. 6). In
addition, the remelting of elemental bias zones further
promotes the homogenization of elemental distribution.

4.2 Strengthening mechanisms for hardness, wear

resistance and compression properties

The enhancement of hardness in metallic materials can be
through strengthening  mechanisms,
including solid solution strengthening and precipitation
strengthening, which have the greatest influence in the
gradient direction. As the Mo content increases, Mo gradually

achieved various
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dissolves into the Fe solid solution, distorting the solid
solution lattice. The accumulated Mo in the previously
deposited layer eventually precipitates in the form of
intermetallic compound phases, leading to the gradual
increase in the hard phase Fe,Mo, in the Fe-Mo FGMs. This
phenomenon significantly enhances the microhardness of the
material through solid solution strengthening and precipitation
strengthening™*".,

The wear resistance of materials is closely linked to their
hardness and strength. In the gradient interface area of the
deposited layer, the combination of adhesive and abrasive
wear mechanisms depends on the composition of sample. The
presence of the strengthening phase in the deposited layer
significantly enhances hardness and strength. Refinement of
grains increases the number of grain boundaries, effectively
impeding plastic deformation caused by the load in wear
experiments. This weakens adhesion and the bearing capacity
of the GCrl5 steel ball to the material, promoting the transfer
of load from the soft matrix to the hard particles. This effect
can effectively shield the matrix from further fragmentation,
and prevent the sample surface from easily peeling or falling
off due to friction and wear, resulting in excellent friction
performance™"’.

During the compression process of Fe-Mo FGMs, due to
the large difference in the thermal expansion coefficients of
304 stainless steel and Mo, when the composition change rate
is high, the huge thermal stress inside the sample leads to
different deformation of different materials, resulting in micro-
cracks inside the sample®”. In the compression process, it
becomes a fracture source and reduces the overall
compressive strength of the sample. However, from the
analysis of the microstructure in Fig.5—Fig. 6, it can be seen
that there are no obvious defects such as cracks in the Fe-Mo
FGMs prepared by directional energy deposition AM. The
cracks on the surface in Fig.20 are under the action of huge
pressure. The internal microcrack source gradually expands
and eventually forms a large crack. In the gradient transition
region, however, good interfacial metallurgical bonding not
only enhances the overall strength of the material but also
effectively prevents the expansion of cracks and enhances the
anti-cracking properties of the material, so that the material
can maintain excellent mechanical properties under complex
stress conditions.

5 Conclusions

1) The Fe-Mo direct joining materials prepared by the EB-
DED technique show unfused Mo droplets and cracks at the
interface, which resulted in poor interfacial bonding properties
and susceptibility to failure. The Fe-Mo FGMs with
compositional variations of 10% and 30% have a dense
microstructure that varies continuously along the direction of
the deposition height (z-direction). With the increase in Mo
content, the strong metallurgical bonding between the
deposited layers is formed.

2) The EDS results show that the Fe-Mo FGMs with a
compositional change rate of 10% have a smoother

compositional transition with the increase in the number of
gradient layers, a uniform transition of the major elemental
contents of Fe and Mo, and a full diffusion between the layers
without any abrupt changes. The higher rate of compositional
change leads to faster changes in microstructure and elemental
content, and cracks appear at the interface, resulting in the
decrease in bond strength.

3) The results of microhardness tests show that the
microhardness is positively correlated with the Mo content.
The microhardness of the sample increases gradually along
the height direction, and the microhardness of the FGMs with
a compositional change rate of 10% is up to 940 HV. The
average COF decreases gradually, which improves the wear
resistance of the material and reduces the wear rate. And the
top region shows excellent resistance to surface wear.

4) The compressive failure mechanism of Fe-Mo FGMs
with  different
characterized by brittle fracture. And when the compositional

compositional change rates is mainly

gradient changes too rapidly, the mismatch of the thermal
expansion coefficients of the deposited materials leads to
severe thermal cracking, which significantly reduces the
compressive properties of the materials. The samples with a
compositional change of 10% have better compressive
properties, with a compressive fracture stress of 750.05+14
MPa in the top region, which is 42% higher than that of the
FGMs with a compositional change of 30%.
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