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@I Study on the Properties of Iron-based Alloys 17-4PH Powder
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Abstract: Background: Laser additive manufacturing has been used for surface repair and re-
manufacturing due to fast laser processing speed, high energy density, and dense microstructure.
However, the properties of coating samples produced by laser additive manufacturing of iron-
based alloys vary considerably, resulting in a large amount of data that needs to be accumulated
and analyzed.
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Methods: The coating properties of iron-based alloy powders manufactured by laser cladding are
studied. The optimal process parameters of the laser cladding are determined by exploring and
o comparing the macroscopic appearance, hardness, and conductivity of the junction of the clad-
10.2174/2666145416666221230121951 ding.

@ CrossMark

Results: From the macroscopic appearance, when the ratio of the height to the width of the clad-
ding layer is 3.615, the surface of the cladding layer has a smooth surface and is closely com-
bined with the substrate.

Conclusion: The hardness of the cladding layer is found to increase significantly, with an aver-
age hardness of 663 HV. Besides, it is found that the blackhead's hole causes the conductivity
change. The ratio of the largest hole area to the smallest hole area is 8.29 times, and the depth ra-
tio is 1.91 times, but the average resistance ratio is about 1.6 times.

Keywords: Additive manufacturing, laser cladding technology, iron-based alloy powder, hardness,
conductive properties, alloys.

1. INTRODUCTION

Additive manufacturing (AM), especially the
laser cladding technology, has been used for sur-
face repair and remanufacturing due to its fast
processing speed, high laser energy density, lim-
ited heat-affected zone, grain refinement of the
cladding layer, dense microstructure, and condu-
cive to automation [1-3]. Meanwhile, because of
its low dilution, compact structure, and good ad-
hesion between the coating and the base metal,
this technology has been widely used in low-cost

* Address correspondence to this author at the Institute of Laser and
Optoelectronic  Intelligent Manufacturing, Wenzhou, China;
Tel: 7-3843-465883; E-mail: konovalov@sibsiu.ru
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base materials, especially iron-based alloy pow-
ders like 17-4PH [4, 5]. When iron-based alloy
powder is used as a processing material, laser
cladding can significantly improve the base mate-
rial's surface wear resistance, hardness, conductiv-
ity, and other properties [6-8]. However, with the
rapid development of laser cladding and many
other practical applications, the performance re-
quirements of iron-based alloys have become
more stringent, resulting in the 14-7PH stainless
steel not meeting the conditions of use in some
specific particular circumstances [9, 10]. There-
fore, it is promising to study the properties of iron-
based alloys and expand new usage scenarios.

The advanced laser cladding technology can
study the parameters to prepare high-quality,

© 2023 Bentham Science Publishers
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crack-free coatings. However, the layers' perfor-
mances vary greatly when different laser cladding
processes are chosen. Therefore, exploring the
influence of specific process parameters on the
coating is essential. There is much research on
iron-based alloy powder's heat treatment and pro-
cessing [11-18]. Mahmoudi M. et al. [19] investi-
gated the mechanical properties and microstructural
features of selective laser melting (SLM) using 17-
4PH S8, indicating that the post-SLM heat treatment
positively affected the partial strength and hardness
but reduced the ductility conversely. Furthermore,
as the cooling rate is relatively low, the longer inter-
layer time intervals between the melting of succes-
sive layers contribute to the higher austenite content,
decreasing the material's hardness.

Besides, some other research focused on im-
proving coatings' performance through thermal
processing or optimized methods. These research-
es suggest strategies that can enhance the perfor-
mance or play an essential role in predicting the
performance of the layer. For example, Shi J.
et al. [20] evaluated the effect of the sintering
temperature, holding time, heating rate, and the
pre-sintering stage in microwave-assisted sinter-
ing. The results have demonstrated that micro-
wave-assisted sintering produced significantly
better mechanical properties than conventional
sintering in the 17-4PH stainless steel powder.
Sun Y. [21] investigated conventional solutioniz-
ing and precipitation hardening (H-900) heat
treatments on 17-4PH SS and wrought compo-
nents; microstructural studies have shown that the
17-4PH SS components have been used to achieve
microstructure and hardness similar to those of
wrought samples by post-built heat treatments.
Other studies focusing on the preparation process
of the 17-4PH powder [22-30] have made signifi-
cant progress. Kruth J. [24] studies the different
appearing phenomena and process optimization.
The results have shown that the process optimiza-
tion, including an appropriate process parameter
adjustment and the application of particular scan-
ning strategies, the resulting parts were character-
ized by specific microstructure, density, and me-
chanical properties. However, few published stud-
ies focus on the electrical conductivity of the 17-
4PH powder cladding layer.

In this work, the 17-4PH powder is processed
according to the single-factor orthogonal variable
method, and the macroscopic appearance and sur-
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face hardness are analyzed. Then, the reason for
the resistance change is investigated, and the con-
ductive discontinuity in the coating cross-section
is investigated. Finally, the optimal process pa-
rameters of laser cladding are determined by ex-
ploring and comparing the macroscopic appear-
ance, hardness, and conductivity of the junction of
the cladding layer.

2. MATERIALS AND METHODS
2.1. Experimental Materials

In this study, a Q235 steel (mild steel) plate
having a size of 50 mm X 80 mm X 6 mm was
used as the base material, and its chemical com-
position is shown in Table 1. It was necessary to
sand the base material with sandpaper and wash it
with ethanol before the laser cladding test. The
powder to be laser coated is 40-90 um 17-4PH SS
powder, with a particle size of 150-300. The com-
position is shown in Table 1, and the micro-
forming and SEM morphology of the powder are
shown in Fig. (1)

2.2. Experimental Equipment and Methods

This experiment used a 6 kW fiber laser, water
cooling system, optical system, robot system, pro-
tecting gas system, and cladding head system. The
working principle of the laser cladding processing
system is shown in Fig. (2).

The 6 kW fiber laser (Rofin FL060, Rofin,
Germany) (Smm x Smm square spot) was used in
the test, and the high purity argon gas (99%) was
used for the tests as the carrier powder, and the
protective cladding molding. It had four output
light paths for laser cutting, welding, and clad-
ding. The laser cladding system included a water-
cooled system to cool the laser and the cladding
head. The communication system used the (cen-
tral processing unit) PLC (S7-1200, Siemens,
Germany) to identify and process various signals
during the test. ABB robotic motion unit is the
unit that executes motion commands issued by the
user. The primary function of the powder feeder is
to transport the 17-4PH iron-based alloy powder
uniformly and then send it to the laser cladding
head composite system. The powder feeding
method was coaxial argon gas feeding, and the
powder feeding amount was controlled by adjust-
ing the powder disk rotation speed and the argon
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Fig. (1). The macro-forming and SEM morphology of the powder. (a) macro forming of 17-4PH powder. (b) the SEM morphol-
ogy of the 17-4 power. (4 higher resolution / colour version of this figure is available in the electronic copy of the article).

Table 1. Chemical composition table of Q235 and 17-4PH powder (wt. %).

- C Cr Ni S P Si Mn Cu Fe
Q235 0.16 - - 0.026 0.031 0.14 0.53 - Remain
17-4PH 0.07 155 30 0.027 0.056 0.054 0.032 5 Remain
a (@) b
( ) l®] ( ) Molding
Powder ke feature morphology
Laser t* feeder :
beam| Ar ; .
N | - ------ lE e\
p. sample E prYy—"—"—"
’ ' > Conductivity
) Preperties of the cladding layer T /T
(©) .
4 Filled powder (FP)
o~ Base material (BW)

Fig. (2). The schematic layout of the laser cladding processing system (a) Schematic test diagram. (b) The research purpose of
the experiment. (¢) The schematic shape of the coating. (4 higher resolution / colour version of this figure is available in the

electronic copy of the article).

gas flow rate. The model of the feeder is a GTV
PF2/2 powder feeder.

The test instruments were mainly hardness
testers (HVS-50, Shanghai Yanrun Optical Ma-
chinery Technology Co., Ltd. China), wire elec-
tric discharge machines (DK7725E, Zhongyuan
Lathe, China), memory oscilloscopes (SDS310
4X, RIGOL, China), and 3D laser confocal micro-
scope (LSM 900, Carl Zeiss, Germany). The wire

electric discharge machine was used to prepare
the coating cross-sections. The memory oscillo-
scope grabbed the pulse discharge voltage and
current waveform when cutting the sample to rec-
ord the process parameters of the cutting section.
In addition, the memory oscilloscope was used to
measure changes in resistance, which was pre-
sented by current and voltage. If the resistance
changes significantly, the changes in current and
voltage after power-on can reflect this change in-



Study on the Properties of Iron-based Alloys

stantly. Moreover, the hardness tester was used to
detect the hardness of the coating and the base
materials. The laser confocal microscope was
used to observe the points of discontinuity in con-
duction and to measure the depth and area of the
black spots and holes inside.

In this experiment, the single-factor orthogonal
variable method was used to explore the optimal
process parameters and study the effects under
different laser processing parameters (laser power,
scanning speed, powder feeding speed, and the
carrier gas rotating speed) on the macroscopic ap-
pearance and hardness of laser cladding. Four sets
are set to run the tests smoothly and obtain con-
vincing results. Then three parameters are fixed
with a variable parameter, and the cladding for-
mation is compared. After that, it was time to
measure the vertical direction of the cladding of
hardness values. Five times in one cladding were
estimated every 2 mm in the vertical direction of
the cladding. The maximum and minimum values
were removed, and the mean hardness value was
finally calculated. After the laser cladding was
completed, the cladding sample needed to be cut
with an electric spark wire in the direction of the
vertical laser scanning surface. After the cross-
section was polished, it was etched with an etch-
ing solution of 96 mL H,O: 2 mL HF: 2 mL
HNO3. Laser confocal electron microscopy de-
tected the sample sections' macroscopic appear-
ance and breakpoint defects.

A 6 kW Rolfin laser was used to provide the
heat source. Different powers, scanning speeds,
powder feeding speeds, and carrier gas rotating
speeds were selected to compare the coating of
the laser cladding. The comparison of the hard-
ness and macroscopic appearance determined the
optimum process parameters. The single-factor
testing process was established.

When the laser power was 2000 W, 2500 W,
and 3000 W, respectively, the scanning speed was
seven mm/s, the carrier gas rotating speed was 0.8
r/min, and the powder feeding speed was 8§
mL/min. When the scanning speed was 6 mm/s, 7
mm/s, and 8§ mm/s, respectively, the laser power
was 2500 W, the powder feeding speed was 8
mL/min, and the carrier gas rotating speed was
0.8 r/min. When the carrier gas rotating speeds
were 0.6 r/min, 0.8 r/min, and 1.0 r/min, respec-
tively, the laser power was 2500 W, the scanning
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speed was 7 mm/s, and the powder feeding speed
was 8mL/min. When the powder feeding speed
was 7 mL/min, 8 mL/min, and 9 mL/min, respec-
tively, the laser power was 2500 W, and the scan-
ning speed was 7 mm/s, the carrier gas rotating
speed was 0.8 r/min (the powder feeding rate was
22.4 g/min). A total of nine tests were required.

3. RESULTS AND DISCUSSION

3.1. Macroscopic Appearance Analysis

After laser cladding, it is necessary to com-
pare those macroscopic appearances (Fig. 3). It
can be seen from the appearance that when the
energy density is low, the fusion between the
coating layer and the base material is insufficient.
The surface smoothness of S1 is also tiny. When
the laser density was increased, the unfused phe-
nomenon was improved, and the smoothness of
the cladding layer surface was also modified.
When the laser power was 2500 W, the scanning
speed was seven mm/s, the powder feeding speed
was 8mL/min, and the carrier gas rotating speed
was 0.8 r/min (Powder feeding rate 22.4 g/min),
the fusion condition reached the optimum state at
this time, and the width to height ratio of the sur-
face was suitable (W2 / S2 = 4.7/1.3 = 3.615).
When the energy density increases, the surface
smoothness of S3 increases too much, over-
increasing at the junction of the base metal and
the cladding layer. In addition, the increase in the
surface smoothness was more significant than the
increase in the single-layer cladding width, which
was not conducive to improving the surface flat-
ness of the cladding layer [16].

The process parameters greatly influence the
surface forming quality and control the energy
input, which determines the processing quality.
When the laser power was 2500W, the scanning
speed was 7 mm/s, the powder feeding speed was
8 mL/min, and the carrier gas rotating speed was
0.8 r/min (powder feeding rate 22.4 g/min), the
laser energy density at this time was conducive to
surface forming. At this time, the ratio of the
height to width of the cladding layer was 3.615,
and the coating surface obtained was flat and
tightly bonded to the base material, with no pits
occurring on both sides.
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Fig. (3). Macroscopic appearance. (a) Power 2000 W, scanning speed 7 mm/s, powder feeding speed 8 mL/min, and carrier
gas rotating speed 0.8 r/min. (b) Power 2500 W, scanning speed 7 mm/s, powder feeding speed 8mL/min, carrier gas rotating
speed 0.8 r/min. (¢) Power 3000W, scanning speed 7 mm/s, powder feeding speed 8 mL/min, and carrier gas rotating speed
0.8 r/min. (4 higher resolution / colour version of this figure is available in the electronic copy of the article).

3.2. Surface Hardness Test and Analysis of
Cladding Layer

After the surface polishing and finish machin-
ing of the coated samples, the hardness of the sec-
tion and surface of the cladding of the six selected
model points were measured with a Rockwell
hardness tester. The highest and lowest values
were removed to reduce the impact on the hard-
ness data, and the mean value of the rest was cal-
culated. The results showed that the average hard-
ness of the coating was 663 HV, and the average
hardness of the base material was 358 HV, which
was about 1.85 times higher than that of the base
material. The results are shown in Fig. (4).

The process parameters have an essential influ-
ence on surface hardness. With the increase of
laser power (2000-3000w), the ratio of the height
to width of the cladding layer gradually increased,
and the hardness at this time increased first and
then decreased. Finally, when the laser power was
2500w, the hardness reached the maximum value.
Also, with the increasing scanning speed (6-
8mmy/s), the ratio of the height to width of the
cladding layer gradually decreased, and the hard-

ness increased first and then decreased. When the
scanning speed was 7mm/s, the hardness reached
the maximum value. And the powder feeding
speed and the carrier gas rotating speed also had
such changes, as shown in Fig. (4).

Therefore, appropriate process parameters can
obtain better surface hardness of the coating.
Comparing the hardness of the base material and
the cladding layer, it was found that when the
cladding power was 2500 W, the scanning speed
was 7 mm/s, the powder feeding speed was 8
mL/min, and the carrier gas rotating speed was
0.8 r/min (powder feeding rate 22.4 g/min), the
surface hardness is the best at this time. The re-
sults indicated that the average hardness of the
coating was 663 HV, and the highest hardness of
the cladding layer was 736 HV.

3.3. Microscopic Observation and Conductivity
Analysis

The electric spark cutting was used in the test,
and it was found that when the cutting was close
to the breaking point, it was challenging to con-
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tinue the cutting, so the operation was stopped.
When cutting the cladding layer with the electric
spark, it was found that most of the cuts were
stopped in the middle of the cladding layer. After
cutting, one cladding layer can continue to be cut
in the middle of the coating, and the process pa-
rameter laser power was 2500 W, the scanning
speed was 7 mm/s, the powder feeding speed was
8 mL/min, the carrier gas rotating speed was 0.8
r/min (powder feeding rate 22.4 g/min). There-
fore, it would be concluded that the resistance was
the smallest at this time. Besides, the macroscopic
morphology of multipass laser cladding coating is

(@)
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shown in Fig. (5). The process parameters of elec-
tric spark cutting are shown in Table 2. The
memory oscilloscope captures the single-pulse
discharge voltage and current waveforms, as
shown in Fig. (6). Due to the characteristics of the
high-frequency power source, the sustained volt-
age of the discharge remained substantially un-
changed during the discharge process. Still, the
current changed as the discharge continued. It can
be indicated that the laser cladding was coated
under the influence of the high temperature and
heat conduction of the discharge channel.

6,0 6,5 7,0 15 8,0
The scanning speed (mm/s)

0,6 0,7 0,8 0,9 1,0

The carrier gas rotating speed(r/min)

Fig. (4). Effect of laser cladding process parameters on joint hardness. (a) The effect of laser power on hardness. (b) The ef-
fect of scanning speed on hardness. (¢) The effect of powder feeding speed on hardness.(d) The effect of the carrier gas rotat-
ing speed on the hardness. (4 higher resolution / colour version of this figure is available in the electronic copy of the article).

(@)

Black spots

(b)

Opur

Fig. (5). Macroscopic morphology of laser cladding coating (a) The appearance size of the coating; (b) 2D topography of
black spotl-4. (4 higher resolution / colour version of this figure is available in the electronic copy of the article).
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Enlarged view
of oscillogram

Fig. (6). Single pulse voltage and current oscillogram. (b) Enlarged view of the oscillogram of 1.0 V voltage. (¢) Enlarged
view of the oscillogram of 0.5 V. (4 higher resolution / colour version of this figure is available in the electronic copy of the

article).

Table 2. Process parameters of WED.

Process Parameter Value
Way of entering Positive processing

Discharge voltage 160 V
Pulse width 32 um

Duty cycle 1:8
Feed rate 20 um
Wire-speed 10 m/s
Average machining current 2.5A

The oscillogram is the resistance test at the
hole shown in Fig. (6). From a to b to ¢, and from
al to bl to cl is the resistance test at the hole (a
represents the maximum voltage at the hole, b
represents the minimum voltage at the hole, and ¢
represents the voltage at the non-hole. Similarly,
al represents the maximum voltage at the hole, b
represents the minimum voltage at the hole and cl
at the non-hole). It can be seen from the red thick
line box in the single pulse discharge voltage and
current waveform, from point al to point bl, the
voltage and current of the laser cladding are
sharply decreasing while the external supply volt-

age was 160 V, which was unchanged. According
to R=U/I, the electrical resistance increases sharp-
ly at this time; from point b to point c, the voltage
is reversed. The external circuit is not turned on,
and an internal reverse-induced voltage is formed
simultaneously. Simultaneously, the resistance
ratio of a,b, and ¢ can be obtained, of which
Rb/Ra was 1.6.

The energizing of the cladding layer is analyzed,
and the following electrical model is established, as
shown in Fig. (7). Fig. (7b) simplified the induced
current to ease the calculation. Through the analysis,
Rb/Ra=1.6, and the calculation method is shown in
equations (1 and 2):

R [ =1.15
a1
R,I,= 0.95
R _I,=0.525
R, 1,=0.675 (1)
b 4 .
ro AU
AT
Rb
—=1.6 2
- @)
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(b)
R
Equivalent
circuit
diagram
_—
\ | |
I ]
K U

Fig.(7). Induction circuit (a) Inductive electrical model of coating, (b) Simplified model of inductive electrical.

The oscilloscope voltage is stable,

small resistance

The resistance with holes is 6 times that without holes

The wave volatge rises sharply,

Fig.(8). (a and ¢) Microscopic morphology of areas without black spots. (b and d) The microscopic morphology of the site is
close to the black holes. (4 higher resolution / colour version of this figure is available in the electronic copy of the article).

After that, a laser confocal microscope was
used to observe the vicinity of the cross-section's
breakpoint, obtaining the microscopic 2D mor-
phology and the local 3D cloud topography of the
black spots near and without the black spots.

Fig. (8) shows that the microstructure of the
coating with no change in the resistive layer is
uniform. However, there are also pores near the
breakpoint in the microstructure of the coating
where the resistance changes. Furthermore,
through the detection of the microstructure of sev-
eral other sets, it is found that there are pores in
the microstructure of the coating. Pores affect the
roughness and the area where the pores exist, and

the electrical conductivity is generally poor. Be-
sides, as the laser power density increases, the ra-
tio of the surface of the deposited layer gradually
increases. At the same time, the equiaxed crystal
and cellular crystal structure near the center first
increase and then decrease. The dendritic crystal
and plate crystal structure increase, causing the
hardness decreases after the rise.

The three-dimensional structure of the coating
varies greatly, which is closely related to the
change in resistance. Fig. (8) indicates that the
uniform structure has a small impact on re-
sistance, but the pores of the microstructure have
a large impact on resistance. However, at the
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Fig. (9). 3D cloud topography of black spots 1-4. (a) Spot 1. (b) Spot 2. (¢) Spot 3. (d) Spot 4. (4 higher resolution / colour
version of this figure is available in the electronic copy of the article).

Table 3. Geometric parameters of black points.

No. Area of Black Spot, pM2 Hole Area, (MM2) Maximum Hole Depth, (MM)
spot 1 105635.17 58064.26 78.61
spot 2 47495.99 15598.90 46.21
spot 3 11680641 40268.38 134.13
spot 4 29319.40 6798.43 41.22

three-dimensional level of the coating, the micro-
structure changes considerably, the inhomogeneity
of the structure increases, and the influence of the
three-dimensional structure on the resistance is un-
clear. As a result, it is necessary to test coatings with
low microstructure to explore the impact of electrical
conductivity and the microstructure of the coating.

Fig. (9) shows the vicinity of the 3D cloud to-
pography and the area of each black spot. It can
be observed from the 3D cloud topography that
the black spots were concave holes that collapsed
inward. When the current passes through the con-
cave hole, the electrical resistance in the circuit
sharply increases, causing the cut of the current
and disconnecting the circuit. The depth of each

black spot measured by the laser confocal micro-
scope is shown in Table 3.

From the two-dimensional topography, it can
be seen that black spots have appeared near the
point where the current cut. With the help of the
laser confocal microscope, the geometric parame-
ters of the black spots and the concave holes are
shown in Table 3. The data in Table 3 indicates
that the area of the black dots and the maximum
hole depth alternate according to size.

By testing the influence of the electric dis-
charge wire cutting near the black spots on the
cross-section of the multipass laser cladding coat-
ing, it was found that the whole area and the hole
depth had a particular influence on the black point
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conductivity. The larger the hole area and the
deeper the hole, the worse the conductivity. By
analyzing the microstructure, it was found that the
hole caused the conductivity change. The ratio of
the largest hole area to the smallest hole area is
8.29 times, the depth ratio is 1.91 times, and the
mean resistance ratio is 1.6 times.

The noticeable increase in resistance at the
cladding junction is the presence of the groove
depth. The sharp increase in the electrical re-
sistance of black spots is due to the rise of the
groove depth and the hole area. The holes act as a
vital electrical resistance or switch in this circuit,

causing the current to be discontinuous or
blocked.

CONCLUSION

In this study, the optimal process parameters
are obtained by studying the junction’s micro-
scopic appearance, hardness, and electrical con-
ductivity between the cladding layer. The follow-
ing conclusions can be drawn.

(1) When the ratio of the height to width of
the coating layer is 3.615, the coating lay-
er has a smooth surface, combined with
the base material closely, and has no pits
on both sides.

(2) Compared with the hardness of the base
metal and the cladding layer, the hardness
of the cladding layer is significantly im-
proved, 1.85 times higher than that of the
base metal.

(3) The microstructure influences the conduc-
tivity. The larger the hole on the coating
surface and the deeper the hole, the worse
the conductivity of the coating. The mi-
crostructure influences the conductivity;
the larger the pores on the coating surface
and the deeper the pores, the worse the
conductivity of the coating. By analyzing
the microstructure, it was found that the
hole caused the conductivity change. The
ratio of the largest hole area to the small-
est hole area is 8.29 times, and the depth
ratio is 1.91 times, but the average re-
sistance ratio is about 1.6 times.

(4) The optimum process parameters for sin-
gle laser cladding: laser power was 2500

Current Materials Science, 2023, Vol. 16, No. 3 361

W, scanning speed was 7 mm/s, powder
feeding speed was 8§ mL/min, and the car-
rier gas rotating speed was 0.8 r/min
(powder feeding rate 22.4 g/min). At this
time, it has maximum hardness and an
excellent macro appearance.
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