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Abstract 

Bimetallic copper-steel composite could be an effective structural material to improve the performance of traditional 
nickel-aluminum bronze (NAB) ship propeller due to its high structural strength and corrosion resistance. In this work, 
the defect-free NAB coatings has been successfully fabricated by laser direct depositing technique on the 17-4PH 
stainless steel substrate. The phase constitution, microstructure characteristics and hardness properties were inves-
tigated in details. The XRD results showed that the coatings mainly consisted of α-Cu, Fe and intermetallic κ phases 
despite the diffraction peaks shifted more than 0.5°, which may due to the influence of the Ni, Fe and Al atoms dis-
solved into Cu-matrix. The microstructures of the coatings were affected significantly by laser energy density accord-
ing to SEM and EDS results. The top region of the coating was more undercooled during solidification, therefore the 
grains at this region was much finer than that at the bottom region. The higher energy input would lead to coarser 
grains. Fe-rich dendrites and spherical particles were found in the Cu matrix, which could be a result of liquid separa-
tion. The hardness of the coating is in the range of 204 HV0.2–266 HV0.2 which is higher than traditional as- cast NAB. 
The uneven distribution of Fe-rich phases as well as the hard κ phases could be the main reasons for the fluctuations 
of the hardness value. Tensile fracture occurred at bronze side, not at transition zone, which shows there is a good 
interfacial bonding between the two metals produced by laser cladding.
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1  Introduction
Nickel-aluminum bronze (NAB) was developed for ship 
propellers and was widely used in valves and other marine 
industry parts due to its excellent mechanical properties 
and good corrosion resistance in sea water [1–5]. With 
the development of modern ships, the traditional NAB 
propeller has to be designed larger and heavier to ensure 
the strength, thus increases its manufacturing difficulty. 
Many kinds of steels have better strength and toughness 
than copper alloys, but the corrosion resistance of most 
stainless steels are lower. A novel composite structure of 

steel-based substrate with copper alloy cladded surface 
can reduce the difficulty of casting bronze parts in great 
thickness, maintain the original corrosion resistance 
as well as giving the structural strength provided by the 
steel substrate.

Steel-copper composite has been widely used but it is 
challenging to obtain the high bonding strength of the 
bimetallic structure. Smelting casting, diffusion welding 
and explosive welding could be used to produce copper 
layer on steel, but these techniques were limited by their 
low ability to form complex shapes [6–8]. A copper-silver 
alloy coating with the copper fraction of 59 ± 2 wt.% was 
produced on stainless steel by electroplating [9]. Cold – 
spray technique was employed to fabricate copper coat-
ings on SS316L steel [10] where the nickel intermediate 
layer made good effects on the adhesion and deformation 
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mechanisms at the interface. However, both of the 
methods could not obtain good metallurgical bonding 
between metals. Gas tungsten arc welding, laser melting 
and laser-arc hybrid welding methods were adopted for 
stainless steel and copper dissimilar joints [11–13]. The 
quantity of fused copper should be restricted in consid-
eration of the influence of excess copper melting that may 
induce liquid separation and microcrack formation inside 
the fusion zone. The special design of the weld joint was 
the crucial step for traditional welds.

Laser direct depositing (LDD) is an effective additive 
manufacturing (AM) method to obtain net or near-net-
shaped steel-copper composite parts. Many researchers 
have used this technique to fabricate coatings [14–18]. The 
effect of heat input via LDD on NAB was studied by Hyatt. 
The as-deposited material at its lowest heat input 42.5 J/
mm was composed of entirely martensitic phase. As the 
heat input increases, the fraction of α phase increases. In 
particular, the hardness of the deposited material reaches 
the maximum value at the heat input of 64 J/mm, which 
may be due to the secondary precipitation-hardening [19]. 
Murray et al. fabricated near dense NAB part successfully 
via selective laser melting (SLM) technique with the low-
est porosity of 0.05% ± 0.01%. The chemical composition 
analysis of as-fabricated NAB indicated a light loss of Fe 
and enrichment of Al, Ni and Mg [20]. Wire-arc addi-
tive manufacturing (WAAM) and heat-treatment were 
adopted on NAB to tuning the precipitation of κ-phases, 
and to adjust the mechanical properties and corrosion per-
formance in turn. The thermal history of WAAM is similar 
to casting due to the large heat input of wire-arc and cyclic 
heating, so that the as- deposited phases are similar to the 
as- cast except the little β phases [21].

Most of the former works on AM of NAB focused on 
the forming process of single NAB material, but little 
studies on bimetallic steel-bronze structure and mechan-
ical properties. This paper aims to obtain a steel-bronze 
composite structure by depositing NAB cladding layer 
on 17-4PH steel, and the microstructure together with 
mechanical properties are studied in details.

2 � Materials and Methods
2.1 � Materials
17-4PH stainless steel was chosen as the substrate mate-
rial. The substrate prepared in size of 100 mm × 100 mm 

× 20 mm was solid solution treated. It was mechanically 
ground and cleaned with acetone and anhydrous etha-
nol. Spherical NAB powder particles with the diameter 
of 45‒100 μm were selected in this experiment to ensure 
the uniformity and synchronicity of powder feeding. The 
morphology of NAB powder is shown in Figure  1. The 
powder was dried at 60 ℃ for 2 h. The chemical composi-
tions of substrate and powder are listed in Table 1.

2.2 � Laser Processing
The LDD system was made up of an optical fiber laser 
(TRUMPF TruDiode 3006) in a continuous mode with a 
maximum power of 3000 W and the spot diameter of 3.4 
mm, a NC precision machine, a powder feeder and a gas 
protection device (Figure  2). During executing process, 
laser beam, powder feeder and NC program were started 
up simultaneously, and the molten pool was protected 
from oxidation and pollution by a special nozzle blowing 
Ar gas to the melt surface directly at a rate of 10 L/min.

To study the influence of different process parameters 
on depositing quality, laser power was specified as pro-
cessing variable, while the scanning speed and hatch dis-
tance were set as 1.2 m/min and 1.7 mm, respectively, 
and the laser repetition width rate was 50%. The power 
density transferred to energy density expression is as 
follows:

Figure 1  SEM image showing the morphology of NAB powder

Table 1  Chemical composition of alloys

Material Form Element (wt.%)

Cu Fe Ni Al O C Si Mn P S Cr

17-4PH Plate 3.230 Balance 4.040 ‒ ‒ 0.044 0.440 0.660 0.027 0.003 15.600

CuAlNiFe Powder Balance 4.10 4.73 10.80 0.025 ‒ ‒ ‒ ‒ ‒
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where P is laser power, v is scanning speed, h is hatch dis-
tance and t is the thickness of the powder. The laser clad-
ding parameters for each sample are presented in Table 2.

2.3 � Material Characterization
A penetration test was taken to detect the surface defects. 
The penetrant was sprayed on the cladding surface and 
then penetrated into the defects through capillary force. 
The developer was sprayed on the surface after cleaning, 
and the penetrant at the defect would be sucked out and 
extended to the surface if flaws existed.

To examine the microstructure of the NAB coating, 
samples were cut into cuboid with the size of 10 mm × 
10 mm × 7 mm. Metallographic preparation on cross-
section was as follows: grinding on 400, 800, 1200, 1500 
and 2000 # SiC paper in turn, polishing with diamond 
suspensions (3 μm and 1 μm), and etched by a metallo-
graphic etchant composed of 5 g FeCl3 +20 mL HCl+100 
mL H2O. Leica DM1 5000M optical microscope (OM) 
was used to observe the microstructure of the cladding 
cross section. XRD analysis was performed on a Bruker 
D8 Advance X-ray diffractometer to determine the 
phases in the coatings. The diffractometer worked with 
Cu Kα radiation (λ = 0.1540598 nm) at 40 kV and 40 mA, 

(1)EDV =

P

vht
,

and scans were performed over a 2θ range of 10°‒100° 
with increments of 0.1° and step time of 2 s.

The surface morphology of the cross section was char-
acterized using a TEMSCAN MIRA 3LMH scanning 
electron microscope (SEM) fitted with an Oxford energy 
dispersive spectrometer (EDS). Backscattered electron 
imaging (BSE) was carried out to distinguish the surface 
topography and surface chemistry.

The hardness was tested at a Vickers hardness tester 
(Everone MH-5L) equipped with a diamond regular 
pyramid tip. The distribution of the hardness at the cross 
section was measured using the load of 200 N and dwell 
time of 5 s.

The tensile testing samples were cut along the longitu-
dinal direction of the steel- bronze composite with the 
interface of steel and NAB coating located at the center 
of the samples. Samples were built with length of 10 mm 
and thickness of 1.4 mm. The test was performed with 
CMT 5305GL machine at room temperature with a load 
speed of 0.1 mm/min.

3 � Results
3.1 � Phase Composition of Laser Coating
The XRD profile of the NAB coatings shows very differ-
ent peaks from the raw powder (Figure  3). The phases 
presented in the NAB coatings are α-Cu, which could 
be a solid solution of Cu, Ni, Al, Fe and Cr, and κ phases 
(intermetallic compounds such as FeAl, Fe3Al and AlNi), 
as well as Fe phase. However, in contrast to the data of 
JCPDS (Joint Committee Powder Diffraction Standards), 
almost all the diffraction peaks have shifted more than 
0.5° from their inherent angular positions. The first two 
diffractions of Cu are 43.41 and 50.56 in 65-9743# card, 
respectively, but 42.90 and 49.82, actually.

3.2 � Defects in NAB Coating
Figure  4 shows the top morphologies of the coatings 
before and after the penetrating inspection. This bimetal-
lic structure was composited of two metals with different 
thermal expansion coefficients, so it’s inclined to form 
flaws as a result of thermal stress. However, no dyeing 

Fiber laser

Powder
feeder

Control
computer

Three-axis NC precision machine

Gas protection 
devise

Cladding head

Figure 2  Schematic diagram of experiment apparatus for depositing

Table 2  Laser cladding parameters

Sample code Laser power (W) Energy density (J/mm3) Scanning speed (m/
min)

Hatch distance (mm) Layer 
numbers

S1 2400 14.12 1.2 1.7 1

S2 2100 12.35 1.2 1.7 1

S3 1800 10.58 1.2 1.7 1

S4 1500 8.82 1.2 1.7 1

S5 2400 14.12 1.2 1.7 4

S6 1500 8.82 1.2 1.7 4
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trace was detected after the penetrating, which illustrates 
no major pores or cracks were generated during the clad-
ding process. Almost all composite parts bonded well 
except S4 (Figure 5). There is a hole defect with the about 
size of 40 μm.

3.3 � Microstructure
Figure 6 shows the OM image of the cross section on S1. 
The coating consisted of three areas: bi-metal transition 
(zone 1), coarse grain zone combined with dark dendrites 
(zone 2) and acicular grain zone (zone 3).

Figure  7 shows the typical microstructure of S1. The 
matrix consisted of coarse grains accompanied with dark 
dendrites. The chemical compositions of the marked 
points in Figure 7 are listed in Table 3. It’s obvious that 
the dendritic positions are rich in Fe and Cr, but poor 
in Cu and Ni. Combined with the XRD results, the light 
matrix is Cu-rich solid solution, and the dark dendrites 
are solidified phases of Fe-rich alloy in the coating (Fig-
ure 7a). As shown in Figure 7b, globular κII and lamellar 
κIII precipitate on the boundary of α or β′ grains, and the 
other smaller dark particles could be designated as κIV 
according to Murray et  al. [20]. Square 1‒3# shows the 
different morphologies of Fe-rich dendrites.

Figure 8 shows the zone 1 and zone 3 of S1‒S4. It can 
be seen that the microstructures are compact especially 
there is a good metallurgical bonding between coating 
and substrate. Thickness of transition zones are 5‒14 
μm. Light coarse grains and dark dendritic structures 

Figure 3  XRD patterns of laser depositing coatings

Figure 4  Top morphologies of cladding surfaces: a depositing surface and b HD-ST surface permeated by DPT-5 dyeing penetration
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are found in zone 1. The sizes of light grains are basi-
cally the same in each sample. The dark coarse den-
drites embedded in the light grains. At the highest 
energy density of 14.12 J/mm3, coarser grains and less 
fraction of needle-shaped dark phase (a, b) are formed 
compared to that of lower energy density at 12.35 J/
mm3 (c, d). All light grains are smaller in size and the 
fraction of secondary Widmanstatten structures are 
greater at 10.58 J/mm3 (e, f ) compared to the former 
cases. At the lowest energy density, more spiculate 
microstructures formed in zone 3 even in zone 1 (g, h).

The dendrite sizes range from a few microns to twenty 
microns (Figure  9). There are three types of spherical 
particles in the matrix, with diameters approximate of 
3 μm, 1 μm and 0.1 μm, respectively, which are pointed 
out by the arrows. The spherical particles randomly 

distribute in the matrix, especially, some light finer 
spherical structures precipitate in the former larger 
dark ones that can be seen in 1#.

3.4 � Mechanical Property
Figure 10 shows the hardness values of different samples 
at different positions. The result shows a general decreas-
ing of hardness from the substrate to the coating and a 
sudden drop occurred at the transition zone. The hard-
ness values of the coatings vary by a very small amount, 
which fluctuates between 204 HV0.2 and 266 HV0.2. There 
is no obvious relationship between the hardness and the 
energy input. Hardness depends on several factors such 
as grain size, phase type and phase content ratio. There 
were some abnormal values in the hardness curve, which 
were most possibly related to the uneven distribution of 
κ phases. When the κ phases are dense, the hardness is 
relatively high, and the hardness is relatively low where 
less κ phases are formed.

Figure 11 plotted the tensile stress-strain curves for S5 
and S6. S5 is found to exhibit considerably longer elonga-
tion than S6. The ultimate tensile strength of S5 reached 
767.80 MPa, and the specimen experienced ductile frac-
ture. In light of the fracture occurred on the NAB body, 
it illustrated the interfacial strength was higher than that 
of as-deposited NAB. Micrographs of tensile fracture 
surfaces of composite structure are shown in Figure  12. 
Overall morphology of S5 seems cup like depression and a 
mass of dimples appears due to ductile fracture of the sam-
ple (Figure 12a, b). However, fracture surfaces of S6 show 
debonding at overlap on layer boundaries (Figure 12c, d).

4 � Discussions
4.1 � Evolution of the Unfused Defect
The dynamic of the molten pool under laser irradiation 
can be regarded as a flow process dominated by gravity, 
surface tension and capillary force. There is a significant 
competitive relationship between melt droplet wetting 

Figure 5  Section images of the interface area of a S1, b S2, c S3 and d S4

Figure 6  OM images of a metallographic specimen of the laser 
coating
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(or spreading) and solidification process. As shown in 
Figure 5, unfused defects only occurred in S4. The lower 
laser energy density results in a lower molten tempera-
ture and stored energy. The surface tension of the melt at 
low temperature is higher, and the melt has poorer vis-
cosity, spreadability and wettability. The low energy stor-
age results in a faster solidification rate, that leading the 
melt droplets to solidify before they are fully spread. The 
melt droplet tends to form sphere spontaneously, caus-
ing balling on the laser scanning track, which generates 
the unfused defects in the local area of adjacent molten 
tracks [22, 23].

4.2 � Account for the Shifts of XRD Peaks
Considerable shifts of most of the peaks reveal a rich 
solid solution relationship among Cu, Ni, Fe and Al ele-
ments. Such as an infinite solution between Ni and Cu, 
and a solid solubility of 9% for Al in Cu. According to 

Bragg’s law (Eq. (2)), the degree of solid solution will 
cause the peak position (θ) shifts.

When a solid solution is formed, the dissimilar radius 
of the atom dissolved into the matrix, that can lead to 
the lattice distortion and enlarge the atomic radius of the 
solution. If the crystal plane spacing d increases, the θ 
value will decrease at a certain λ, showing the diffraction 
peak shifted to the left.

4.3 � Microstructure Evolution
4.3.1 � The Origin of Fe‑rich Phases
Interestingly, the Fe-rich dendrites were found in the 
matrix of the coating. To further explore whether the 
Fe-rich dendrites in the coating were formed by a con-
centration of Fe element from the original powder, the 
multi-layer cladding test was carried out. Figure  13(a) 
shows the metallographic images of the cross section 
extracted from the S5 with multiple layers. As seen in 
Figure  13(b), layer 1 consists of large and light grains, 
dark and acicular structure and gray branched dendrites. 
The gray dendrites are Fe-rich phase, which have the 
same morphologies as those seen in Figure 8. The Fe-rich 
dendrites are absent in layer 2 (Figure 13(c)), which dem-
onstrates that they are not originated from the powder 
but from the substrate.

The obvious spherical Fe-rich phase in the coating indi-
cates the existence of liquid separation during solidifi-
cating. Laser cladding is a process of rapid solidification. 
When the laser energy density increases to 14.12 J/mm3, 

(2)2dsinθ = n�.

Figure 7  Typical microstructure of a zone 1 and b zone 2 of S1

Table 3  Element contents of cladding micro-zone (mass 
fraction, %)

Point Cu Fe Cr Ni Al

1 85.0 3.0 0 5.0 7.0

2 21.9 56.1 10.9 5.5 5.6

3 6.3 71.1 17.2 4.0 1.4

4 5.4 74.0 16.9 3.8 0

5 13.9 61.5 15.8 4.6 4.3

6 75.8 4.3 0 9.5 10.4
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Figure 8  BSE images of laser depositing coatings: a, b zone 1 and zone 3 of S1; c, d zone 1 and zone 3 of S2; e, f zone 1 and zone 3 of S3; g, h zone 
1 and zone 3 of S4
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the cooling rate could be more than 105 K/s due to the 
higher thermal conductivity than that of 316L steel [24]. 
Due to the intense convection and agitation in the molten 
pool, the Fe-based alloy floats through a buoyancy flow 
caused by density difference. Fe-rich droplets move up 
due to their lower density (7.8×103 kg/m3) compared 
with that of copper-rich melts (8.5×103 kg/m3). In the 
molten pool, the Fe-rich melt is wrapped by the copper-
rich melt and contracted into a second spherical droplet 
due to the surface tension.

The solid solubility of Cu in iron is very low at room 
temperature (Figure 14), but Cu content in the spherical 
particles is up to 13.9% (Table 3). It indicates the spherical 
Fe-rich phase is a supersaturated solid solution contain-
ing Cu. The latent heat of crystallization releases during 
the solidification of Cu-rich melt causes the solidified 
Fe-rich dendrite to be remelted, which increases the tem-
perature of the liquid phase and reduces the separation 
undercooling degree of the Fe-rich liquid. During the 
cooling process after rapid solidification, the secondary 
liquid phase separation occurs in the spherical Fe-rich 
particles, and a large number of fine Cu-rich grains are 
precipitated in the spherical Fe-rich particles. The larger 
the degree of undercooling is, the more obvious the liq-
uid phase separates.

4.3.2 � Microstructure Evolution in Local Regions
Since the thermal conductivity of NAB is higher than 
that of 17-4PH as well as the thickness of 17-4PH is 
nearly ten times thicker than that of NAB, the heat flux 
ratio of the cladding is much more than the substrate. 
At a certain energy input, most of the heat is emitted 
by the convective heat transfer between the coating 
and the air. At the interface, most of the heat is stored 
in the steel substrate. The heat transmits gradually 
through the coating, achieving a negative temperature 

Figure 9  Typical dendritic structures in zone 2 of S2

Figure 10  Distribution of hardness value along vertical section 
direction

Figure 11  Tensile stress-strain curves for S5 and S6
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gradient G between the substrate and the molten pool. 
The inclined epitaxial growth was developed by the 
decreasing G/R values at the liquid-solid boundary 
while the initial G is large, and the simultaneous solid-
ification speed of the cladding R is close to zero. Due 
to the high Fe liquidus temperature and the dominant 
Fe content at the fusion line, the Fe-rich melt solidi-
fied first, and then the Cu-rich melt begins to solidify 
around the Fe-rich phase. As it moves away from the 
molten pool boundary, the ratio of G/R also decreases 
while G decreases and R increases. When an occasional 
bulge occurs at the interface, it will continue to grow 
forward rapidly in contact with the melt with a greater 

degree of undercooling, which accelerate a condition 
for the growth of the columnar dendrites.

In the middle region of the cladding, the Fe-rich den-
drites nucleate and develop in the melt. The evolution can 
be depicted in the marked 1‒3# which represent different 
stages of growth (Figure 7). Simultaneously, heterogene-
ous nucleation and dendrite coarsening are dependent on 
the solidification time. The cooling rate and the degree of 
undercooling at the bottom of the coating are lower, so a 
long time of heat storage makes the α-Cu grains growing 
coarse.

In the upper region of the cladding, the large degree of 
undercooling caused by the heat exchange between the 

Figure 12  Tensile specimen and fracture surfaces after tensile testing: a, b S5; c, d S6

Figure 13  OM images of S5 section: a multi-layers; b layer 1; c layer 2
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melt and the air provides the driving force for the phase 
transition, and the nucleation begins when the tempera-
ture decreases to the solidus line of the alloy. Since the 
interior melt is in an overheated state and the heat con-
duction direction is vertical outward from the top sur-
face, the front of the solid-liquid interface has a positive 
temperature gradient. The crystal grows in a dendritic 
manner with the bulge accidentally formed entering the 
undercooled liquid, achieving a high growth rate and 
branching continuously to form a dendritic skeleton.

4.3.3 � Effect of Laser Energy on Microstructure
During the laser cladding process, high energy beam 
melts the powder and substrate simultaneously. The dilu-
tion of substrate causes part of the steel mixed into the 
coating with the liquid fluid. The final chemical composi-
tion of the molten zone is related to the dilution degree of 
the substrate.

The solidification microstructure dimension of depos-
iting materials is determined by the ratio of cooling rate 
GR. The secondary dendrite arm spacing of the columnar 
and equiaxed dendrites can reflect the dimension which 
is predicted in the following equation [26]:

where tf is local solidification time, εC is cooling rate, and 
a, b and n are material specific constants. In the solidifi-
cation process, a slower cooling rate and a longer coars-
ening time will develop coarser structures with a larger 
size of dendrite arms. Therefore, a higher laser energy 
density provides more energy stored in the composite 
structure which makes for structures coarsen.

(3)d = atnf = b(εC)
−n

,

4.4 � Relationship of Mechanical Properties 
and Microstructure

Table  4 lists the chemical compositions of six types of 
NAB alloys. Compared to UNS C95500 alloy [22] and the 
UNS 95800 specimen cut from propeller blades [27], the 
hardness of the laser coatings is higher than NAB materi-
als processed by the traditional method, but some abnor-
mal values exist on points in Figure 10.

The mass transfer and composition mixing of the pow-
der and substrate in the molten pool have an impor-
tant effect on the hardness. In general, the hardness 
of α phase is low, that of β’ phase is higher, and that of 
κ phase is the highest which concludes a series of Al(Fe, 
Ni) intermetallic compounds. There are three strength-
ening mechanisms that are solid solution strengthening, 
precipitation strengthening and dispersion strengthen-
ing, and one mechanism of weakening hardness, which 
is related closely to the hardness of copper alloy cladding 
layer. The solid solution elements such as Al and Ni are 
present in α phases, and these solute atoms hinder dis-
location motion, that solid solution strengthening works. 
In addition, many spherical particles that without enough 
time to merge were acted as reinforcement phase embed 
in the matrix and prevent dislocation migration, resulting 
in the increase of hardness of the coating. Al, Ni and Fe 
form the κ phases with high hardness, which is dispersed 
in the coating matrix and make precipitation strengthen-
ing of the second phase [28, 29]. Appropriate amount of 
Fe and Ni added to the aluminum bronze alloy can refine 
the grain, and it is fine grain strengthening mechanism of 
improving the strength and hardness. Due to the dilution 
of the substrate, a large amount of Fe-Cr melt mixed into 
the molten pool and solidified into dendritic structures. 
As such points 1-1 and 2-2, the laser energy applied at 
these areas happens to be the higher power parameters, 
which led to a higher degree of dilution and introduces 
more Fe-rich melt into the coating. The iron dendrite 
phases were dense and developed in these regions, result-
ing in a low local hardness.

As can be seen, S5 has a good tensile property. How-
ever, the flat regions on S6 revealed the origin location of 
fracture. There is a possibility of unmelted powder on this 
laser parameter. Further, the next layer is deposited on 
the bumpy surface where there were low-lying areas left 
by the overlap that results in positive defocus of the laser. 
This situation provided insufficient laser energy density 

Figure 14  Cu-Fe binary phase diagram with metastable miscibility 
[25]
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on powder and would increase the range of uncompleted 
melt region.

5 � Conclusions
This study presents the influence of four different laser 
conditions on the microstructure and mechanical prop-
erties of nickel aluminum bronze coatings. Following 
conclusions could be drawn.

1.	 A bimetallic steel and bronze structure with a good 
metallurgical bonding but without pores, cracks and 
other defects can be obtained by laser depositing.

2.	 The microstructure of NAB cladding was affected 
significantly by the laser thermal history. The grain 
size of the cladding near the interface is lager, and the 
grain shape inclined needle-like in the upper zone.

3.	 The hardness of NAB cladding was strongly depend-
ent on the microstructure, especially on the mass 
fraction of Fe components, but not on the cooling 
rate. The value of cladding section was about 204 
HV0.2–266 HV0.2. A large number of Fe -rich den-
drites, hard κ phases and spherical Fe-rich particles 
produced by the liquid separation led to the fluctua-
tion of hardness value.

4.	 Tensile testing of composite structure showed it frac-
tured on bronze body but not the transition zone. 
The interface strength is higher than 767.80 MPa. 
The characteristic of ductile fracture revealed there 
was a good bonding performance between such two 
alloys by laser cladding.
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