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Abstract: Stainless steel 316 (STS316)/Fe functionally graded materials were fabricated by direct
energy deposition (DED) method using laser as a heat source. The feeding amount of the mixed
powder was evaluated and the powder feeding condition was optimized through the section
evaluation. The reliability of the powder feed was evaluated by regression analysis, and it was
confirmed through the energy dispersive spectrometer (EDS) analysis and X-ray diffractometer (XRD)
that the graded functional material of the designed composition was manufactured. Defects and
microstructures were analyzed by scanning electron microscope (SEM).

Keywords: functionally graded materials; directed energy deposition; STS316; laser; additive
manufacturing; crack

1. Introduction

With the development of laser processing technology, the additive manufacturing market is
growing rapidly. Additive manufacturing process using lasers is highly precise, making it possible to
manufacture complex parts and customized designs. In addition, because the production speed is high
and the post-processing such as molding and cutting is simplified, the material and cost required for
the process can be reduced. Accordingly, it has recently been applied not only to aerospace fields such
as turbine blades, combustors, and nozzles, but also to biomedical applications such as bioimplants [1].
There are two main processes of laser metal deposition, powder bed fusion (PBF) and direct energy
deposition (DED). The PBF method, which is advantageous for achieving relatively precise shapes,
is widely being applied. On the other hand, the DED method has high productivity because it has a
fast stacking speed and less restriction in size. Therefore, this method is advantageous for improving
the characteristics of existing parts or adding new functions to the metal base material through surface
strengthening, repair, and remodeling.

Powder processing has high design opportunity and production flexibity, and laser processing
has excellent quality and properties due to the fast heating and cooling rate resulting in formation
of fine microstructures [2]. Thus, the DED process using powder and laser has a high potential
to solve various issues occurring at the joints of dissimilar materials such as difference of melting
temperature, mismatch from thermal expansion–contraction, galvanic corrosion, and formation of
brittle intermetallic compounds [3]. As parameters of the process affect the quality, many studies
have been conducted to obtain defect-free uniform material deposition by controlling the parameters
of the deposited materials [4–6]. Goodarzi et al. [4] reported the influence of the laser cladding
process parameters on the clad bead geometry using stainless steel (STS) powder. The laser power
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and cladding speed rate were the main parameters for controlling the clad layer width. Most of the
deformation was at the clad height, but the clad bead side angle also depended on the powder feed
rate and cladding speed. Saqib et al. [5] presented the result of laser cladding using P420 steel cladding
powder deposited on low carbon structural steel plates. Process parameters such as laser power,
scanning speed, and powder flow rate, among others, affected the bead height, width, penetration,
area, dilution area, and bead shape. to process parameter relationships, the bead shape was analyzed
using an artificial neural network (ANN). Calleja et al. [7,8] optimized the parameter value based on
quantitative analysis and deviation of each parameters such as bead height, width, deposition rate,
and wetting angle and assigned different weight factor to each parameters. In addition, the feed rate
for uniform supply was controlled via the developed algorithm [8].

In the metallurgical point of view, another solution for issues of dissimilar joints is functionally
graded materials (FGM) that gradually change the composition or properties. Including mild steel-STS
FGM [9], various FGM such as Inconel-STS FGM [10,11], Ti6Al4V-STS FGM [12–15], Invar-STS
FGM [16], and compositional gradient STS [17,18] have been manufactured. Especially mild steel
and STS are the most widely used materials in structural parts, requiring their dissimilar welds for
pipes, valves, and pressure vessels [19]. However, the direct dissimilar joints cause defects at the
interface, which originates from brittle phase formation, thermal deformation, solidification cracking,
hydrogen cracking, porosity, and so on. Thus, it can lead to earlier failure than the expected life [20–22].
Li et. al. [13–15] used V, Cr, and Fe elemental powder to make an FGM between Ti6Al4V and STS,
because directly additive manufacturing results in fracture by intermetallic phases, FeTi and Fe2Ti. The
Fe powder is employed in the transition zone between Cr and STS. Fe could be used for austenite–ferrite
transition joints, but the brittle sigma phase at these interfaces should be controlled by adjusting the Cr
content and cooling rate [13].

The FGM is fabricated with supplying powder by changing the ratio of powders. Spherical
powders are utilized with narrow particle size distribution, because the powders have an excellent
green density with a high filling rate, making it easy to manufacture dense samples with low porosity.
In addition, when the particle diameter ratio is equal or close to an ideal value, all the particles will
have the same velocity during feeding [23]. However, the irregular shape of the powder has a high
probability of occurrence of porosity at the interface during the deposition process, and the velocity
of particles will be different. There have been few studies about DED production technology from
researching the process parameters using irregular particles to replacing dissimilar joint by the FGM
manufacturing. Hwang et al. [24] evaluated and compared the physical and chemical properties for
each size in the STS metal powder produced by water atomization and gas atomization using DED
process. The authors presented the deposition results of metal powder by gas atomization, which were
relatively better than that of metal powder by water atomization.

In this study, the dissimilar joint between mild steel and STS316 was fabricated as functionally
graded materials through laser DED process. The influence of process paremeters on bead shape
and welding defects was analyzed through laser single layer deposition using irregular Fe powder.
STS316-Fe FGM were prepared by laser deposition on the surface of mild steel by mixing Fe and STS316
powder with various ratios. In addition, the direct deposition STS316 on mild steel was compared and
analyzed with the FGM.

2. Experimental Procedures

Single layer depositions were carried out using Fe (water atomized powder, CNPC Powder)
powder on the mild steel with 12 mm thickness. FGM depositions used the Fe powder and STS316 (gas
atomized powder, Praxair) powder on the mild steel substrate. Table 1 shows the chemical composition
of each powder. The powder was supplied using a powder feeder (Praxair 1264, Praxair, Concord, NH,
USA). During the FGM deposition process, the mixed powders were prepared by ball mill equipment
(HBM-800 4R, HANTECH, Gunpo, Korea) of Fe and STS316 at a weight ratio of 3:1, 1:1, and 1:3,
respectively. In the ball milling process, a 10 mm diameter stainless steel ball was mixed XHD RY with
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each powder at a ratio of 10:1 and then mixed at a speed of 200 rpm for 20 h to prepare a mixed powder.
The experiments were carried out using a 4 kW Yb:YAG (Yb:Y3Al5O12) disk laser (HLD4002, Trumpf,
Erlangen, Germany). In addition, an optical fiber with a diameter of 0.2 mm, an optical system with
a focal length of 220 mm, and a laser head coaxially injected with a laser were used. Defocusing the
focal point over the base material was used to create a laser beam with a diameter of 3.5 mm. Figure 1a
shows the schematic diagram of the experimental setup, and Figure 1b indicates the nozzle part where
powders are supplied. The powders are distributed in three ways and are concentrically supplied
around the laser beam via the space between the inner cap and the outer cap of nozzle. The laser
power, feed rate, injection speed, beam shift, and contact tip to work-piece distance (CTWD) were
varied in the evaluation of the single layer deposition. The range of each process parameters and the
deposition conditions are shown in Table 2.

Table 1. Chemical composition of powders used in this study.

Powder Fe C O Si Mn P S Ni Cr Mo

STS316 Bal. 0.02 0.03 0.01 1.06 0.005 0.003 12.00 17.00 2.04
Fe Bal. 0.01 0.15 0.08 0.13 0.008 0.006 0.005 0.005 0.003
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Figure 1. (a) Schematic diagram of experimental setup and (b) image of coaxial nozzle.

Table 2. Various parameters for deposition used in this study.

Process Parameter Single Pass Build Production

Laser Power (kW) 0.5–2.5 [2] 2
Travel speed (m/s) 0.001–0.01 [0.005] 0.0083
Flow rate (g/min) 15–30 [20] 30
Beam Shift (mm) 0–2 [0] 0

Contact tip to work-piece distance (mm) 5–15 [10] 10–11
Shielding gas (L/min) 15 (Ar) 15 (Ar)

Carrier gas (L/min) 10 (Ar) 10 (Ar)

* The value in [] is used as the default value when evaluating the variable.

A six-axis robot (KR 100-3, Kuka, Augsburg, Germany) and a stage capable of moving in the
x-y-z axis were used for deposition process. The two kinds of deposited specimens were fabricated by
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deposition of five layers with a length of 55 mm, with six passes per layer; the details of deposition
conditions are shown in the Table 3. Microstructures and processes were also analyzed using optical
microscope (OM, BX51M, Olympus, Tokyo, Japan) and field emission scanning electron microscopy
(FE-SEM, Quanta200F, Themo Fisher, Eindhoven, The Netherlands). The phase analysis of sample 2
was performed by X-ray diffractometer (XRD, MiniFlex, Rigaku, Japan) using monochromatic Cu–Kα

radiation (λ = 0.154056 nm).

Table 3. Deposition sequence used in this study.

Sample
Sample 1

(Dissimilar Welding)
Sample 2

(Functionally Graded Materials)

Composition (wt %) Composition (wt %) Layer Name

5th layer STS316 100% STS316 0Fe
4th layer STS316 75% STS316 + 25% Fe 25Fe
3rd layer STS316 50% STS316 + 50% Fe 50Fe
2nd layer STS316 75% STS316 + 25% Fe 75Fe
1st layer STS316 100% Fe 100Fe
Substrate Mild steel Mild steel

3. Results and Discussion

3.1. Effect of Process Parameters on the Bead Geometry

In order to investigate the effect of process parameters on the bead geometry during the deposition
process, a single layer was deposited with Fe powder on mild steel and various properties were
evaluated. Most of the STS316 powder (99 wt %) is distributed in the size range from 44 to 150 µm,
but the Fe powder is 77 wt % in the range as shown in Table 4. Regarding Fe powder, 21 wt % has a
size of less than 44 µm, which is consistent with the presence of a large amount of small particles in
Figure 2a,b. Thus, Fe powders have a wide distribution range and a non-uniform shape. On the other
hand, STS 316 powder was powder with a spherical shape of between 44 and 150 µm, as shown in
Figure 2.

Table 4. Powder distribution measeured by sieve analysis.

Sieve Number Particle Size (µm)
Distribution (wt %) *

Fe STS316

100 >150 2 -
140 105–150 18

99200 74–105 29
325 44–74 30
−325 <44 21 1

* Analysis reults from powder supplier
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Figure 2. FE-SEM images for powder morphology. (a) Fe powder at low magnification, (b) Fe powder
at high magnification, (c) STS316 at low magnification, and (d) STS316 at high magnification.

3.1.1. Contact Tip to Work-Piece Distance

Figure 3 shows a cross-section of the beads deposited under various CTWD from 5 mm to 15 mm.
When the CTWD was 5 mm, the shape of the beads could not be formed properly, because of the
CTWD, the shielding gas and the carrier gas were concentrated in a narrow region and affected the
bead shape. In addition, large pores were trapped inside, as shown in Figure 3a. In the case of CTWD
of 7 mm, the bead appearance was good, but as in the case of CTWD of 5 mm, large pores were formed
inside (Figure 3b). In the case of CTWD of 9 mm, pores were generated inside, but the pore size
was smaller than that of 7 mm, as shown in Figure 3c. This is because the CTWD increases and the
gas pressure on the bead surface decreases. In the CTWD of 11 mm or more, pores inside the beads
were almost removed (Figure 3d–f). As shown in the case of 13 mm and 15 mm, the bead height was
increased as the CTWD was increased. In the CTWD, the powder was concentrated in the center,
and the beads fell off during processing due to the lack of fusion. As shown in the case of CTWD
of 13 mm and 15 mm, the bead height increased as the CTWD increased. In the CTWD of 15 mm or
more, the powder was concentrated at the center, and the beads were separated from the base material
during processing due to the lack of fusion. In order to obtain a good bead shape, it is important to
reduce the influence of the gas pressure and to prevent the lack of fusion.
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Figure 3. Cross section of bead with various contact tip to work-piece distance (a) 5 mm, (b) 7 mm,
(c) 9 mm, (d) 11 mm, (e) 13 mm, and (f) 15 mm.

3.1.2. Beam Shift

In the laser cladding process, it is generally desired to obtain a good bead by matching the focus
of the beam and the powder injection. However, in order to completely cladd the surface, the bead
shape of the previous pass is influenced because the multiple passes are overlapped. In addition,
when applied to various geometric shapes of base material and welds, techniques are needed to fill
various spaces. Therefore, various beam angle or bead shape generation through beam movement was
investigated. Figures 4 and 5 show the schematic diagram of beam alignment and cross-section of the
bead according to the shift distance of beam, respectively. When the beam shift distance is 0.5 mm
(Figure 4b), the beads are asymmetrically formed in the direction of overlapping the beam and powder
injection, and then the angle of the back surface increases to 120◦. The large angle of the back surface
can more effectively control the formation of pores when the next pass is overlapped and cladded. As
the amount of powder overlapping between the powder and the beam was larger than when the beam
was at the center, the cross-sectional area of the entire bead was increased. However, when the shift
distance is 1.0 mm, as shown in Figure 5c, a bead with a certain height is formed on one side, but there
are many pores inside. The generation of these pores is due to the asymmetric heat input of the laser
beam. When the shift distance of the beam is 2.0 mm, a high enough height of the bead for stacking
cannot be obtained, as shown in Figure 5d and pores were inside the bead. As the alignment of the
beam and the powder was significantly shifted, the powders did not enter the molten pool and were
dispersed into spatters. The asymmetry of the bead increases as the focus of the beam and the powder
injection increases, and the angle of the back surface changes and the pore increases inside the bead.Metals 2018, x FOR PEER REVIEW 7 of 17 
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3.1.3. Laser Power

The correlation between the laser power and the shape factor, such as height and width of the
bead, is shown in Figure 6. As shown in Figure 6, the bead height and width increased with increasing
laser power. When the bead ratio (height/width) was calculated, the laser power also increased the
bead ratio. Thus, as shown in the bead ratio, the height of the bead was more influenced by the increase
of the laser power.
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Figure 6. Bead height, width, and aspect ratio with various laser power.

Figure 7 shows the shape and cross-section of the bead according to the laser power. In the case of
laser power of 0.5 kW and 1.0 kW, lack of fusion occurred due to insufficient heat input, and bead was
separated from base material and sound bead could not be obtained. When the laser power is 1.5 kW,
the bead shape spreads sideways and becomes lower in height. When the laser power increases to
2.0 kW, a sound bead shape can be obtained. As the laser power increased to 2.5 kW, the height and
width of the bead became larger, but the pores existed in the upper part of the bead. The reason for
this is that the melting pool is formed obliquely and the upper part is formed after the lower part.
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Therefore, the powders caught in the melting pool late at the upper part are solidified before being
sufficiently densified.Metals 2018, x FOR PEER REVIEW 9 of 17 
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3.1.4. Flow Rate

Figures 8 and 9 show the bead height, width, and aspect ratio values and bead appearance and
cross-section of bead according to the flow rate, respectively. As shown in Figure 8, the height and
width of the beads increase slightly as the flow rate increases. In the area where the sound beads are
generated, the aspect ratio did not greatly vary between 0.4–0.5. When the flow rate is 15.0, the amount
of powder supplied is insufficient and puckering phenomenon occurs, so that a sound bead cannot be
obtained, as shown in Figure 9. At a flow rate of 18.8, a sound bead could be obtained, but some pores
were observed. When the flow rate was above 22.5, a sound bead with no pores inside the bead was
obtained. As the flow rate is increased, the amount of powder to be injected increases proportionally,
but the volume of the bead is maintained and the efficiency of the deposition is deteriorated. Therefore,
the flow rate condition is required to be selected in consideration of the deposition efficiency of
the powder.
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3.1.5. Travel Speed

As the travel speed increases, the bead height and width tend to decrease. As shown in Figure 10,
when the travel speed is increased from 0.1 cm/s to 0.3 cm/s, the height and width of the bead decrease
sharply, and thereafter the decrease is reduced. Also, the deviation in the height and width of the
beads increased at speeds of lower than 0.2 cm/s or higher than 0.9 cm/s. The formation of internal
pores due to the humping beads at high speed and at low speeds also affects the bead appearance.
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Figure 11 shows the bead appearance and cross-section of the bead at various travel speeds. The
molten pool generated by the laser cladding has a large temperature gradient and surface tension,
which forms a high fluid flow [25]. When travel speed is low, such as 0.1 cm/s, the temperature
gradient and surface tension are reduced by the high heat input as fluid flow decreases, forming a
hump surface. As the travel speed increased to 0.3 and 0.5 cm/s, a sound bead with no porosity was
obtained. Also, by changing the travel speed, a defect-free bead with a high bead ratio of 0.65 was
obtained. However, when the travel speed was 0.9 cm/s, the bead appearance seemed to be sound, but
pores were observed inside. In the case of travel speed of 1.1 cm/s, pores were observed both inside
and outside of the bead. When the travel speed is increased, the solidification time is not enough for
densification of the powder, so that the pores are increased.

Metals 2018, x FOR PEER REVIEW 11 of 17 

 

3.1.5. Travel Speed 

As the travel speed increases, the bead height and width tend to decrease. As shown in Figure 

10, when the travel speed is increased from 0.1 cm/s to 0.3 cm/s, the height and width of the bead 

decrease sharply, and thereafter the decrease is reduced. Also, the deviation in the height and width 

of the beads increased at speeds of lower than 0.2 cm/s or higher than 0.9 cm/s. The formation of 

internal pores due to the humping beads at high speed and at low speeds also affects the bead 

appearance. 

 

Figure 10. Bead height, width, and aspect ratio with various travel speed . 

Figure 11 shows the bead appearance and cross-section of the bead at various travel speeds. The 

molten pool generated by the laser cladding has a large temperature gradient and surface tension, 

which forms a high fluid flow [25]. When travel speed is low, such as 0.1 cm/s, the temperature 

gradient and surface tension are reduced by the high heat input as fluid flow decreases, forming a 

hump surface. As the travel speed increased to 0.3 and 0.5 cm/s, a sound bead with no porosity was 

obtained. Also, by changing the travel speed, a defect-free bead with a high bead ratio of 0.65 was 

obtained. However, when the travel speed was 0.9 cm/s, the bead appearance seemed to be sound, 

but pores were observed inside. In the case of travel speed of 1.1 cm/s, pores were observed both 

inside and outside of the bead. When the travel speed is increased, the solidification time is not 

enough for densification of the powder, so that the pores are increased. 

Travel speed 

(cm/s) 
Bead appearance 

Cross-

section 

0.1 

  

0.3 

  

0.5 

  
Metals 2018, x FOR PEER REVIEW 12 of 17 

 

0.9 

  

1.1 

  

Figure 11. Bead appearance and cross-section of bead with various travel speed. 

The effect of process variables on the bead shape was investigated using Fe powder of an uneven 

shape and the optimal process variable interval to obtain a defect-free bead, shown in Table 5. The 

sound bead showed a bead ratio of 0.4–0.65 with change of variables. According to a study [26] 

comparing the powder feeding method with the wire feeding method, the powder feeding method 

is capable of cladding under significantly more variable condition. Thus, in spite of the nonuniform 

powder with a wide distribution shown as Table 4, the defect-free bead could be formed.  

Table 5. Optimized process parameters for the defect-free cladding bead by using irregular shaped 

powder. CTWD—contact tip to work-piece distance. 

3.2. Additive Manufacturing 

Figure 12a–c show a cladding sample of the STS316/Fe functionally graded material of 100% Fe, 

25% STS316 + 75% Fe, 50% STS316 + 50% Fe, 75% STS316 + 75% Fe, and 100% STS316 powder on the 

mild steel plate. Each powder having a composition of 100% Fe, 25% STS 316 + 75% Fe, 50% STS 316 

+ 50% Fe, 75% STS 316 + 75% Fe, and 100% STS 316 was cladded in total by five layers and six layers 

were cladded in the width direction. Figure 12c,d shows the cross sections of the two types of 

deposited samples mentioned in Table 3. When the STS316 powder was directly deposited on the 

mild steel, there was a pore between the first layer and the substrate, as shown in Figure 12d with a 

red circle. The defects at the interface continued to exist even if the deposition by any change of 

aforementioned parameters is used. However, no pores at existed the interfaces above the second 

layer, which was deposited between the same STS316. The spherical STS316 powder was well 

deposited under given conditions. As shown in Figure 12c, when the functionally graded material 

was prepared using Fe powder with an irregular shape and size, pores did not appear in the lower 

layer. However, porosity increased as the content of STS316 powder increased, which is discussed 

later. Therefore, Fe powder is used, and the pores of the first layer with the mild steel can be removed 

effectively. 

  

Process 

parameter 

CTWD  

(mm) 

Beam shift 

(mm) 

Laser power 

(kW) 

Flow rate 

(g/min) 

Travel speed 

(cm/s) 

Value 10–13 0–0.5 1.5–2 20–30 0.5–0.9 

Figure 11. Bead appearance and cross-section of bead with various travel speed.



Metals 2018, 8, 607 11 of 16

The effect of process variables on the bead shape was investigated using Fe powder of an uneven
shape and the optimal process variable interval to obtain a defect-free bead, shown in Table 5. The
sound bead showed a bead ratio of 0.4–0.65 with change of variables. According to a study [26]
comparing the powder feeding method with the wire feeding method, the powder feeding method
is capable of cladding under significantly more variable condition. Thus, in spite of the nonuniform
powder with a wide distribution shown as Table 4, the defect-free bead could be formed.

Table 5. Optimized process parameters for the defect-free cladding bead by using irregular shaped
powder. CTWD—contact tip to work-piece distance.

Process
Parameter

CTWD
(mm)

Beam Shift
(mm)

Laser Power
(kW)

Flow Rate
(g/min)

Travel Speed
(cm/s)

Value 10–13 0–0.5 1.5–2 20–30 0.5–0.9

3.2. Additive Manufacturing

Figure 12a–c show a cladding sample of the STS316/Fe functionally graded material of 100% Fe,
25% STS316 + 75% Fe, 50% STS316 + 50% Fe, 75% STS316 + 75% Fe, and 100% STS316 powder on
the mild steel plate. Each powder having a composition of 100% Fe, 25% STS 316 + 75% Fe, 50% STS
316 + 50% Fe, 75% STS 316 + 75% Fe, and 100% STS 316 was cladded in total by five layers and six
layers were cladded in the width direction. Figure 12c,d shows the cross sections of the two types
of deposited samples mentioned in Table 3. When the STS316 powder was directly deposited on the
mild steel, there was a pore between the first layer and the substrate, as shown in Figure 12d with
a red circle. The defects at the interface continued to exist even if the deposition by any change of
aforementioned parameters is used. However, no pores at existed the interfaces above the second layer,
which was deposited between the same STS316. The spherical STS316 powder was well deposited
under given conditions. As shown in Figure 12c, when the functionally graded material was prepared
using Fe powder with an irregular shape and size, pores did not appear in the lower layer. However,
porosity increased as the content of STS316 powder increased, which is discussed later. Therefore, Fe
powder is used, and the pores of the first layer with the mild steel can be removed effectively.Metals 2018, x FOR PEER REVIEW 13 of 17 
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STS316/Fe functionally graded material, and (d) cross-section view of the sample after dissimilar
cladding between STS316 and Fe (red circle indicates pore generated region).

Figure 13 shows the microstructures of the first layer in the sample 1 and 2 by OM, respectively.
Sample 1 with mild steel / STS316 interface, as shown in Figure 13a, had a distinct interface between
the two materials. As a result of such an interfacial structure, cracks and peeling occurred in the



Metals 2018, 8, 607 12 of 16

interfacial region when deposition was performed in multiple passes. On the other hand, when the
FGM was manufactured using Fe powder, it was bonded systematically at the interface, as shown
in Figure 13b. In the case of FGM, thermal stress and thermal deformation can be reduced using
a gradually changing thermal expansion coefficient between layers [27]. The thermal expansion
coefficient of STS316 is about 17.2 × 10−6/◦C [28,29]. The thermal expansion coefficient of pure Fe
increases from 12.3 × 10−6/◦C to 16.2 × 10−6/◦C depending on the temperature [30]. In addition,
the thermal expansion coefficient of mild steel is about 12.0 × 10−6/◦C [28,29]. Fe can reduce the
difference in thermal expansion coefficient compared to direct bonding of mild steel to STS316. When
using Fe, the difference in thermal expansion coefficient can be reduced compared with direct bonding
of mild steel and STS316. Therefore, the interfacial bonding property between Fe and mild steel is
improved compared with the interfacial bonding property between STS316 and mild steel.
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Figure 13. Microstructure of interface between (a) sample 1 and (b) sample 2.

Figure 14 shows the energy dispersive spectrometer (EDS) line scanning results of the FGM
specimen. The composition of each element changes from the base material to the upper layer. Cr and
C are concentrated and distributed between the interfaces, while Fe is relatively deficient in the region.
Figure 15 shows the shaeffler diagrams, which were drawn by calculating Cr and Ni equivalent value
using composition, are useful to analyze the change of phase in austenitic steel welding. Seventy-five
Fe and 25Fe place on a martensite single phase region, 0Fe is a austenite single phase, and 50Fe is
predicted a mixed phase of these two phase. In XRD analysis, as shown in Figure 16, 100Fe and 75Fe
detected only ferrite/martensite peak (α) and 0Fe has a austenite peak (γ) with relatively high intensity.
Twenty-five Fe and 50 Fe has mixed peak with α and γ phase, thus the result of 50Fe is opposite to
the schaeffler diagram. Thus, the mixed phase region between austenite and martensite could be
extended in the process condition. In the FGM, remelting and re-solidification between layers lead to
change composition and phase. Especially, in these systems, the tetragonal structured sigma phase,
which is usually formed at interface between α and γ phase, is brittle with low toughness, resulting
in fracture [15]. However, there was no XRD peak associated sigma phase at any layer of sample 2,
because the fast cooling rate of the laser travel speed could control it.
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Figure 16. X-ray diffractometer (XRD) patterns at different layer along the composition gradient
obtained for sample 2.

In the case of FGM, which was deposited using a mixture of STS 316 and Fe powder, pores
were present between the layers, as shown in Figure 12c with a red circle. In order to investigate
the cause of pore formation in the interlayer, EDS mapping was performed on the pore region. As
shown in Figure 17, the relatively high content of Cr and oxygen around the pores of the EDS mapping
indicates that chrome oxide is formed. Carbon segregation exists at the interface of the second layer,
and segregation of Cr is observed at the interface between each layer from the second layer. Segregation
of these elements is a cause of pores and causes deterioration of physical properties at the interface.
Therefore, it is necessary to reduce the pore between the interfaces by considering the contents of Cr
and C, in addition to changing the composition of the FGM using Fe powder.
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4. Conclusions

FGM was fabricated by laser direct metal deposition using STS316 and Fe powders. The effect of
each type parameters on the physical properties was observed. The details are as follows.
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1. The process conditions for producing sound beads without humping beads, pores, and lack of
fusion were derived using Fe powder with uneven size and shape.

2. The shape of the bead and the size of the pore were affected by the change of CTWD. The beam
shift parameter had the effect of changing the angle of the bead, and the laser power was effective
in changing the aspect ratio of the bead.

3. Low flow rates caused puckering, while excessive flow rates reduced material efficiency. In
addition, humping beads were observed at slow travel speed and many pores due to rapid
solidification at high travel speed.

4. The FGM samples showed gradual changes in composition and phase along the layers. In XRD
analysis, any intermetallic compounds such as sigma phase was not detected.

5. When the STS316 was directly deposited on the mild steel, there were many pores and cracks at
the interface. However, when the FGM was produced by using Fe and STS316 powder, defects
occurring at the interface of the first layer could be removed.

6. However, as the Fe powder was mixed with STS316 powder, pores were observed between the
interfaces, which resulted in the presence of chrome oxide at the interface.
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