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Abstract

In this study, functionally graded material (FGM) was deposited on cast iron substrate by laser-aided additive manufacturing
(LAAM). Inconel 625 nickel-base superalloy was firstly deposited on the substrate as a buffer layer, on which the stainless steel
420 (SS420) layers were subsequently prepared. The cracking issue was successfully eliminated in the deposited materials. With
the optimized process parameters, the FGM with thickness up to 4.0 mm was achieved without cracks and other obvious defects.
The SS420 layers showed fine dendritic microstructure derived from the rapid cooling rate of the LAAM process. Wear test
results indicated that the FGM shows excellent wear resistance, especially under lubricated condition.

Keywords Functionally graded material - Inconel 625 - Stainless steel 420 - Cast iron - Wear resistance

1 Introduction

Cast irons are a large group of materials which can be divided
into four types based on the graphite morphology: white cast
iron, gray cast iron, malleable cast iron, and nodular cast iron.
Among which, nodular cast iron has been widely applied in
automotive engines, marine engines, heavy duty gears, and
military and railroad vehicles, owing to the advantages of high
ductility, good fatigue strength, wear resistance, shock resis-
tance, and high modulus of elasticity [1-3]. Though casting
can be used to fabricate very large and complex components,
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such as those in marine engines, it is deemed environmentally
unfriendly due to the generation of waste pollutions, emission
of particles and dust, and harmful and poisonous gases. In this
case, it is environmentally friendly and cost-effective to repair
the damaged components compared with fabricating a new
one by casting. Therefore, repair of damaged cast iron parts
is highly demanded.

Up to now, various techniques have been reported to repair
metal components, including arc welding [4], thermal
spraying [5], and cold spraying [6]. Though arc welding can
be used to repair cast irons, the dilution effect and distortion of
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Table 1 Chemical compositions of the nodular cast iron substrate, Inconel 625, and SS420 powders

Elements Fe Ni C Si Cr Mn Co Mo Al Ti NbTa P S
Cast iron Bal. <0.08 3.035 2026 0.1-0.6 04-0.7 03-0.5 <0.1 <0.1 <005 - 0.08 <0.08
SS420 Bal. <0.6 035 <0.5 13.0 <0.6 <0.75 <0.75 - - - - -
Inconel 625 5.0  Bal 0.1 0.5 20.0-23.0 0.5 1.0 8.0-100 04 0.4 3.154.15 0.015 0.015

the substrate is the main challenge. Moreover, the process
parameters should be carefully selected [1]; otherwise, new
cracks would form during the repair process. As to thermal
spraying and cold spraying, the inferior bonding strength is a
most concerned issue. In recent days, laser cladding [7-9] and
laser-based additive manufacturing [10—14] techniques have
been proven feasible for deposition of various kinds of mate-
rials and applicable for repair purpose. Different self-fluxing
alloys [15], Ni-base alloy [16], Co-base alloy [17], Fe-base
alloy [18], tungsten carbide (WC) [19], and some composite
materials systems (e.g., Ni-Ti-C [20]) have been reported in
laser cladding on cast irons. However, no attempt has been
made to deposit functionally graded layers on cast iron, to
achieve nearly defect free repair and meanwhile maintain the
inherent properties of the substrate.

It is noteworthy that Ni-base alloy has good compatibility
with the Fe-base alloys owing to the formation of Ni/Fe infi-
nite solid solution. As mentioned above, laser cladding Ni-
base alloy on cast iron has been reported. Due to the high
chromium and carbon content, stainless steel 420 (SS420)
exhibits excellent corrosion resistance and superior wear re-
sistance, which has been used in repair of some critical mate-
rials, such as 300M steel, an aero-grade ultra-high-strength
steel aircraft material [21]. Nevertheless, the application of
SS420 in repair of cast iron is rarely reported. However, as a
martensitic stainless steel, SS420 has limited weldability due
to the high hardenability and susceptibility to hydrogen in-
duced or cold cracking [22]. Hence, deposition of SS420 by
welding requires both preheat and post-weld heat treatment to
suppress cracking and improve the final mechanical properties
[22, 23].

In this paper, a novel Inconel 625/SS420 functionally grad-
ed material (FGM) is fabricated on a cast iron by laser-aided
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Fig. 1 Distribution of hardness indentations
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additive manufacturing (LAAM). The process is developed
without preheating and post-heating to simplify the deposition
process. By introducing Inconel 625 as a buffer layer, poten-
tial cracks are expected to be eliminated. The usage of SS420
is beneficial to retain the inherent wear properties of cast iron
substrate. Microstructure and wear properties of the deposited
FGM are intensively analyzed.

2 Materials and methods

Nodular cast iron was used as the substrate material. Ni-base
superalloy (Inconel 625) powders and stainless steel 420
(SS420) powders were employed as the deposition materials.
During LAAD, an Inconel 625 layer was prepared on the cast
iron substrate as a buffer layer and then three layers of SS420
were deposited on the buffer layer. The thickness of each layer
was controlled to around 1.0 mm. The nominal compositions
of the substrate and deposition powders are listed in Table 1.

LAAM process was carried out on a self-developed 6-kW
fiber laser system equipped with a robot. The laser beam was
guided through an optical fiber from the laser machine to the
work place and focused by an optic with 200 mm focal length.
The powder feeding was achieved by using a Sulzer Metco
TWIN 10 C powder feeder and a conical powder feeding
nozzle. The coaxial powder nozzle guaranteed a homoge-
neous powder distribution in the laser/powder interaction
zone. The LAAM process parameters were carefully selected
to eliminate obvious defects (e.g., pores or cracks) in the de-
posited samples. In the present study, the optimized process
parameters were as follows: laser power 1.5 kW, beam size
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- > i
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Fig. 2 Schematic diagram of the reciprocating ball-on-flat wear test [24]
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Table 2 Test conditions for dry

and lubricated wear test Wear test Stroke Load, N Reciprocating Test Sliding
type length, mm frequency, Hz time, s distance, m
Dry 10 25 5 1000 100
Lubricated 10 200 10 2000 400

3 mm, scanning velocity 600 mm/s, powder feed rate 13.5 g/min
(Inconel 625), and 12.8 g/min (SS420). The interlayer tem-
perature was maintained at 175 °C.

One batch of samples was deposited and then cross-sec-
tioned, polished, and etched. The etching reagent was
Kalling’s solution (40 ml HCI, 40 ml ethanol, and 2 g cupric
chloride). Microstructures of the LAAM specimens were in-
vestigated by optical microscopy (OM), scanning electron mi-
croscopy (SEM, Philips/FEI XL.30; JEOL 6400), and energy
dispersive X-ray (EDX). Micro-hardness test was carried out
using a LECO M-400 Vickers hardness tester under a load of
0.3 kg for 15 s. Three lines (left, center, and right) in total were
tested in the cross section of the deposited specimens, as
shown in Fig. 1. The three values at the same distance from
the top surface were averaged. The micro-hardness distribu-
tions were obtained by the test results from the top of the
SS420 layer, via Inconel 625 layer, heat affected zone
(HAZ), down to cast iron substrate.

The top surface of the other batch of deposited samples was
polished to a 0.05-pum finish. Both dry and lubricated sliding
wear tests were carried out based on the ASTM standard G
133-02 using a linear, reciprocating ball-on-flat wear tester,
and the diagram of which is shown in Fig. 2 [24]. Mobile

DTE oil was used for the lubricated wear test and the sample
was fully immersed under the lubrications during the test. The
440C stainless steel ball (SS440C, diameter 9.5 mm, hardness
750 HV) was used as the wear counterpart. The direction of
the relative motion between the spherical tip of the ball and the
polished specimen surface reversed in a periodic fashion such
that the sliding occurred back and forth in a straight line. The
coefficient of friction (COF) was synchronously recorded.
The test conditions for dry and lubricated wear tests are listed
in Table 2.

The wear surface morphologies were analyzed by SEM
and EDX. Cross-sectional profile of each wear track was
measured at three different locations using an Alicona op-
tical 3D non-contact metrology system. Wear volume (Vy,
mm?) was calculated by the equation below, based on
which specific wear volume rate (mm>/Nm) could be fur-
ther calculated:

Ve=A"L

A Average cross-sectional area of the wear track, mm?
L Length of stroke, mms

Inconel 625 clad layer

S$S420 clad layers

e

4 % 1000 pm |,

Fig. 3 Cross-sectional view of the deposited sample. a Overview of the whole interface. b Local view with higher magnification
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3 Results and discussion
3.1 Macrostructure

Figure 3 shows the cross-sectional view of the deposited
sample. Results indicate that the Ni-base layer and the cast
iron substrate show very compact metallurgical bonding
feature with very low porosity. No cracks appear at the
interface and in both the substrate and deposited layers.
Due to the low heat input to the substrate in LAAM pro-
cess, formation of cracks in cast iron can be restrained.
Besides, the Ni-base alloy layer acts as a buffer layer be-
tween the SS420 and the cast iron substrate, which is ben-
eficial to obtain crack-free deposition layers. As reported
by Lestan et al. [25], the cracks in the deposited Metco 15
E Ni-base layers were not eliminated completely even with
preheating of the cast iron substrate. In the present paper,
the Inconel 625 Ni-base alloy is proved appropriate as a
buffer layer material to further deposit SS420 layers.
Furthermore, the Inconel 625 Ni-base alloy with low melt-
ing point can help minimize the porosity which are mainly
caused by the burning of abundant carbon existing in the
cast iron [26].

3.2 Microstructure

Figure 4a, b illustrates the interfacial microstructure of the
SS420 layers/Inconel 625 layer and Inconel 625 layer/cast
iron substrate, respectively. The results further verify the
crack-free interfaces.

Either the SS420 layers or the Inconel 625 layer shows
similar microstructure, which is dominated by columnar
dendrites. Some of the long dendrites grow along the di-
rection of heat flow, which is more obvious near the
Inconel 625 layer/cast iron interface that the dendrites
grow upwards vertical to the interface (Fig. 4b). This
can be attributed to the unidirectional heat flow to sub-
strate during the deposition of the single Inconel 625

@ Springer

layer. However, the columnar dendrites exhibit various
grow directions (see Fig. 4a, in dashed circles) during
the solidification into the central section far from the
boundaries, probably owing to the homogeneous nucle-
ation and Marangoni convection effect [27]. The fine mul-
tidirectional columnar dendrites are beneficial to property
improvement compared with unidirectional coarse
microstructure.

Further observation demonstrates that the columnar den-
drites in SS420 layers have primary dendrite arm spacing
around 10-20 um, as shown in Fig. 5. Along with the rapid
heating and cooling rate in LAAM, the columnar dendrites
have limited time to grow up and growth of the massive
columnar dendrites is restricted once they touch with each
other. The fine columnar dendrites are beneficial to the
properties of the final deposited FGM. EDX results show
a Cr segregation phenomenon at the inter-dendrite position,
which can be ascribed to the formation of Cr carbides [28].
The carbides can act as reinforcements in the FGM,
resulting in high hardness.

3.3 Micro-hardness

Figure 6 shows the micro-hardness distributions of the de-
posited FGM. Slightly higher micro-hardness is formed in
the HAZ, owing to the formation of high-carbon martensite
and ledeburite [16]. Moreover, the hardness undergoes a
smooth transition from the HAZ to the SS420 layers, ow-
ing to the Inconel 625 layer, acting as a buffer layer be-
tween SS420 layers and cast iron substrate. The hardness
of the SS420 layers reaches 620-650 HV, ;. Hence, the
FGM shows a superior gradient micro-hardness distribu-
tion similar with the carburized or nitrided steel compo-
nents [29, 30]. This is beneficial to the improvement of
wear property.

The micro-hardness decreases slightly from the Inconel
625/SS420 interface to the FGM free surface. Similar
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Spectrum 1 Spectrum 2
Element

wt.% at.% wt.% at.%

C 4.87 18.89 3.66 14.82

Si 0.70 1.16 0.61 1.06

Cr 18.18 16.30 12.65 11.83
Fe 76.25  63.65 83.08 72.29
Total 100.00 100.00 100.00 100.00

Fig. 5 Morphologies of the columnar dendrites in SS 420 layers at different magnifications (a—d) and EDX analysis results of the dendrite and inter-
dendrite positions (e). Remark: the micro images were taken from the upper SS420 layer

phenomenon was reported by Liu et al. [16] in multi-layer
laser cladding of NiCoCr alloy on compacted graphite cast
iron and it was attributed to the decreasing dilution effect of
C from the substrate. However, in the present study, the de-
posited SS420 layers were separated from the high-carbon
cast iron substrate. Therefore, the lower micro-hardness at
surface layer than the internal layer can be ascribed to the
formation of residual austenite under rapid cooling rate [31].
The internal layers are subject to in situ tempering effect of

subsequent layers, demonstrating higher micro-hardness due
to the decomposition of residual austenite and formation of
martensite and carbides.

3.4 Wear property
Figure 7 shows the COF and wear volume loss of the depos-

ited specimens under dry and lubricated sliding wear condi-
tions. It is evident that there is an initial stage and a steady

@ Springer



4102 Int J Adv Manuf Technol (2019) 105:4097-4105
Fig. 6 Hardness distributions of 700
the deposited layers, HAZ, and
cast iron substrate
3
I $S420
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stage for both kinds of wear test, as shown in Fig. 7a. Under
dry wear test, the COF initially increases rapidly until 100 s,
then decreases by 200 s and finally stabilizes at about 0.7.
However, the COF fluctuates obviously. On the contrary, very
little fluctuation can be observed in the COF curve under
lubricated condition, and the COF stabilized at about 0.1. As
shown in Fig. 7b, the wear volume loss under dry and

a 1

09 r ~—Dry -+ Lubricated
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Time, s
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o
o
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Fig. 7 COF (a) and wear volume loss (b) of the FGM under dry and
lubricated wear conditions
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Distance from interface of clad layer / base metal, mm

lubricated sliding wear is 0.04785 mm’ and 0.01451 mm’,
respectively. Although much higher load and doubled sliding
time is applied, the wear volume loss under lubricated condi-
tion is only about 1/3.3 of that under dry wear condition.
Compared with the report of laser clad SS420 coatings on
300M steel [21], the Inconel 625/SS420 FGM developed on
nodular cast iron shows superior wear resistance. The specific
wear volume loss rate is 30.0x10 ° and 19.1x10"® mm>/Nm,
for ref. [21] and our dry sliding wear result respectively.
During dry wear test, severe wear occurred, as the specimen
surface contacted directly with the SS440C counterpart ball
with 750 HV hardness. While under lubricated wear test, the
thin lubrication layer between the FGM specimen and the
wear counterpart acted as a protective layer, reducing COF
and suppressing the wear process.

Figure 8 shows the wear tracks and the corresponding
cross-section profiles after dry wear and lubricated wear, re-
spectively. The cross-section profiles were used to estimate
the wear volume. It is obvious that the worn surface after
dry wear shows black and brown feature, which can be attrib-
uted to oxidation. Further analysis verifies the oxidation dur-
ing dry wear.

To further discuss the wear mechanism, the worn surface
morphologies were analyzed by SEM and EDX, as shown in
Fig. 9 and Table 3. The worn surface after dry wear test is
dominated by plowing groves and spalling (Fig. 9a—c). In
comparison, the worn surface after lubricated wear is much
smoother but severe spalling occurs regionally (Fig. 9d—f). As
aforementioned, the wear counterpart ball is harder than the
deposited FGM and the sample is subjected to plowing by the
micro asperities on the ball surface. Moreover, the alternating
stress existed at the sample surface, resulting in crack forma-
tion and propagating and further causing spalling. Though the
load was low in the dry wear test, spalling appeared almost on
the entire worn surface. Because the groves formed by
plowing can act as crack initiation. However, the worn surface
after lubricated wear showed severe regional spalling, which
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Fig. 8 Wear tracks observed by 3D non-contact metrology system and the
sliding wear (b)

can be attributed to the applied high load. Severe plastic de-
formation (Fig. 9¢) and work hardening occurred on the sam-
ple surface under the effect of high load. Hence, the plowing
effect from the counterpart ball can be suppressed during the
lubricated wear, resulting in smoother worn surface (Fig. 9d—f).
However, once micro-cracks (Fig. 9f) formed under the effect
of high alternating stress, they would propagate rapidly and
cause severe spalling.

As shown in Table 3, extremely high oxygen and iron
content was observed on the dry worn surface, indicating

WD« 85mm  SgnelA=SE1

EHT=2000K  Msge 80X ‘

WO = 85 mm

Sigral A = SE1

Signel A= SEY

corresponding cross-section profiles after dry sliding wear (a) and lubricated

that severe oxidation occurred during the dry wear test.
During dry wear tests, friction heat accumulated and re-
sulted in high temperature at micro-zones [32]. Therefore,
the sample surface, directly exposed to ambient atmo-
sphere, was oxidized easily. The oxides can act as a
third-body and cause three-body wear [33]. The fluctua-
tion of COF in dry wear (Fig. 7a) can be partially attrib-
uted to the dynamic formation and peeling-off of the ox-
ides between the sliding surfaces [34]. During lubricated
wear, the sliding surface was isolated from the ambient air

ENT=20000V  Mog= 200X WD= 85mm  SignalA=SE1

Micro-crack

./\f\~J._’ .J'
- A |
J

EMT=20008/  Mage 200X WD=85mm  SigwA=SEY

Fig. 9 Worn morphologies of the specimens after dry sliding wear (a—¢) and lubricated sliding wear (d—f)
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Table 3  EDX analysis results of the samples after dry sliding wear and lubricated sliding wear
Dry wear Lubricated wear
Element Spectrum 1 Spectrum 2 Spectrum 1 Spectrum 2

wt.% at.% wt.% at.% wt.% at.% wt.% at.%
C 4.4 12.32 3.21 8.96 10.74 34.36 28.47 61.22

(0] 19.58 41.11 21.51 45.10 1.75 4.21 4.62 7.46

Si 0.51 0.61 0.28 0.34 0.50 0.69 0.32 0.30

P - - 0.06 0.06 0.13 0.16 0.13 0.11

S 0.07 0.07 0.04 0.04 0.33 0.40 0.04 0.04

Cr 10.94 7.07 11.23 7.24 11.76 8.69 9.03 4.49
Mn 0.30 0.18 0.15 0.09 0.30 0.21 0.49 0.23
Fe 64.17 83.08 63.53 38.17 74.45 51.25 55.97 25.89
Ni 0.02 0.01 - - 0.05 0.03 0.17 0.08
Mo - - - - - - 0.75 0.20

Total 100.00 100.00 100.00 100.00

JSpectrum 1 Spectrum 2

10pm Electron Image 1

JSpectrum 1

JSpectrum 2

100um ! Electron Image 1

and oxidation was restrained significantly. Moreover, the
lubricant can also function as coolant during the regional
work hardening. This could further enhance the work
hardening effect. To sum up, the deposited Inconel 625/
SS420 FGM exhibits good wear resistance, especially un-
der lubricated wear.

4 Conclusions

Inconel 625/SS420 FGM was successfully deposited on nod-
ular cast iron by LAAM. The microstructure, micro-hardness,
and wear property were analyzed. Based on the results and

discussion, conclusions can be drawn as follows:

« LAAM process is suitable to produce FGMs to repair
nodular cast iron.

@ Springer

* Inconel 625 Ni-base alloy is a good candidate as a buffer
layer between nodular cast iron and SS420 to achieve
crack-free deposition with minimum porosity.

*  The gradient micro-hardness distribution corresponds well
with the materials used for deposition of the functionally
graded layers.

* Fine columnar dendritic microstructure can form after
LAAM due to the limited heat input and rapid cooling
rate.

* The Inconel 625/5SS420 FGM has good wear resistance,
especially under lubricated condition.
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