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ABSTRACT

It is known that metal parts can be made strortgagher and better wear resistance
by introducing gradient microstructure. This woeports the cooling rate of melt
pool induced discrepancy in microstructural gratemd element distribution during
selective laser melting (SLM), therefore resultingdecrease in microhardness and
wear resistance from surface to inside with a rawge~100 um of SLM-
manufactured AISilOMg alloy. The cooling rate irethop surface of melt pool
reaches ~1.44x$/s, which is much higher than that at the botterhx10° K/s).

Such a difference in cooling rate of melt poolhs tmain cause for forming gradient
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microstructure in terms of the distribution of @irficles, dendrite size, sub-grains and
sub-boundaries. The variation in microstructur&biM-produced AISi10Mg alloy, as
a result of gradient cooling rate, has a signifigerpact on its mechanical properties.
Compared with core area, the surface area witlylaehicooling rate is composed of
finer Si particles, dendritic structure and mord-boundaries, resulting in higher
microhardness and greater wear resistance. Theamisoh for formation of gradient
microstructure and its influence on the mechanpraperties are discussed, which
provide new and deep insight into fabricating SLMguced components with

gradient microstructure.

Keywords: Selective laser melting; Gradient mianastiure; Mechanical properties;

AlSi10Mg; EBSD

1. Introduction

The increasing demand for metal parts with complleapes and high qualities has
motivated the development of advanced manufactusofnologies. Selective laser
melting (SLM), as one of common metallic additivamafacturing technologies, has
been well known with capability to create high-giyaland defect-free complex

components [1]. So far, a number of SLM-fabricaddldys, such as steels, titanium
alloys and aluminum alloys, have been reported xoib& excellent mechanical

properties [2-5] and comparable corrosion resigaswmpared to their counterparts

manufactured by traditional technologies.
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As one of the largest industrial usage of alumiralloy, Al-Si alloys have numerous
advantages including light weight, good wear rasisé, good thermal expansion
coefficient, high specific strength and good thdrmmanductivity, thereby making
them widely used in automobile and aerospace ingsg6]. It is well known that the
mechanical properties are sensitive to the mianoire including the phase
constituents, grain size and morphologies, dendriie elemental segregation [7, 8].
Therefore, manipulation and optimization of micrasture is a widely known
strategy to achieve satisfactory mechanical praggerfor industrial applications.
Considerable efforts have been made to manipulatestructural features including
dendrite size, grain size and morphologies, subgraind boundaries to enhance
mechanical properties [8]. Among the strategieaingrefinement is most widely used
to strengthen metal parts [9]. Usually, grain refirent is realized by plastic
deformation techniques such as rolling, drawinggiftig and equal channel angular
pressing (ECAP) [8, 10]. Furthermore, the formatimn and interactions among,
sub-boundaries or internal dislocations are comgnémiind in the process of grain
refinement [11]. The dislocations and sub-grain rotamies resulting from plastic
deformation play a significant role in improvingetthardness and strength of a
material [10]. However, conventional plastic defatran methods are hard to
manufacture metal parts with complex geometrieguiRately, SLM has capability of
producing complex parts with fine microstructure asesult of fast cooling rate
during SLM process, which was reported to reachagnitude order of T0K/s

during solidification in SLM process [12, 13]. Thetcally, the dendrites formed



during solidification process in SLM and their sizagrongly relying on the cooling
rate in SLM process, play a decisive role in th&lfiproperties of SLM-produced
components [14, 15]. It has now well been acknoggedthat fast cooling rate in
SLM process can refine the microstructure in teaingrain size, secondary dendrite
arm spacing (SDAS) size, age-hardenable Mg/Si pitateés [16, 17]. Liet al. [14]
found that cooling rate played a critical role ibMs process, which resulted in
ultrafine-grained eutectic microstructure in thepasduced AlSi10Mg samples. Such
a unique microstructure significantly enhanced thmsile properties and Vickers
microhardness. Moreover, the microstructure isifgado the laser melting process.
Anwar et al. [18] revealed that the laser scan direction &edgas flow velocity could
affect the microstructure therefore the tensilepprtes due to the interaction of
laser-spattered and powder-gas, thereby resutimgput energy loss. Raa al. [19]
found that the Si particles combined with tensileperties could be affected by the
melt pool and building direction. Kimut al. [20] found that the microstructure of
the as-produced SLM samples comprised of sub-midho@ dendrite with an
elongated shape in the direction of stacking. Furttore, the gradient thermal
distribution has been found in SLM process dueitierént cooling rate [21]. Such
gradient thermal distribution would influence traidification process of the powder
in SLM process, thereby inducing the formation ofdyent microstructure in the
SLM-produced components. Gradient microstructure structure of increasing grain
size from surface to inside is confirmed to playpeasitive role in improving

mechanical properties [22].



In addition, the mechanical property of Al-Si allogould be significantly affected by
the size and distribution of the eutectic silic@®i) (in microstructure. For example,
McDonald et al. [23] pointed out that the Al-Si parts with largeiaular silicon
particles have poor fatigue properties as a redutiw ductility. Delahayeet al. [24]
found that the refinement of the Si particles irSAlalloy is regarded as the most
important factor for optimizing its mechanical peofes. With the aim to satisfy the
high standard requirements of industry, considerarideavors have been made to
improve the mechanical properties by manipulating eutectic microstructure in
Al-Si alloys [15, 25]. In general, two main methae often used to refine grains, i.e.
suitable microalloying and increasing cooling rdteging solidification [6]. Addition
of new elements can promote refining Si particldswever, it was reported the
addition of new elements might reduce the metatlityl thereby increasing the cost
for producing a part. Furthermore, the main drawhachat the alloying elements are
rapidly lost in the alloy due to evaporation or dation [26]. Differently, rapid
solidification can reduce even avoid these aboveadliantages to improve
mechanical properties. Studies on the high coadlatg of Al-Si alloys have shown
that the solid solubility of Si particles in Al it can be remarkably increased under
a high cooling rate [27].

AISil0OMg, which is one of the AI-Si alloys, has beavidely studied and
manufactured by SLM [15, 16, 24, 28]. Thanks to ktigh cooling rate in SLM
process, SLM-produced Al-Si components exhibit eckd mechanical properties

compared to their counterparts manufactured byitioadl technologies. However,



the solidification process of SLM is very complexdathe cooling rates at different
positions of melt pool in SLM are different andfutifilt to detect. As such, the effect
of the SLM solidification with different cooling t@ on the resultant microstructure
therefore properties is still unknown.

As such, in this work, the AISi10Mg alloy was sééztto study the effect of the
cooling rate in the melt pool on the formation ehdjent microstructure and the
resultant mechanical properties. The cooling rateet pool in SLM was calculated
by finite element modeling (FEM). The Si particlazes and distribution,

sub-boundaries and dendrites were compared angzadal

2. Experimental

The nominal chemical composition of the gas-atothiaéSi10Mg powder used in
this work was analyzed to be 9.3Si, 0.4Fe, 0.05CiMu, 0.3Mg, 0.1Zn, 0.05Ni,
0.1Cr, and Al balance (wt. %). The size of sphémcavder ranges from 1pm to 55
um and with a Gaussian distribution centered opr@5Fig. 1a). Cubic samples with
dimensions of 10 x10 x10 nminwas manufactured by using a BLT-S300 SLM
machine (Xi‘an Bright Additive Technologies Co.d).with the following processing
parameters: input of laser power of 500 W, lasanspeed of 1500 mm/s and layer
thickness of 3@m. The zigzag pattern was used as the scanninggréo decrease
the thermal stress between layers, while the sognangle was alternated by 90°
upon the precedent layer. In order to compare ticeostructural feature and physical

properties of surface and core regions, two grafpsamples were cut at 50n and
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200 um in depth below the top surface (hereafter denage8ample-A and Sample-B
respectively) for further microstructural charazation and property evaluation. The
sample information is shown in Fig. 1b.

Phase identification of the specimens was conduaiigidl an X-ray diffractometer
(XRD; D/Max-2500PC) from 20 to 90° with a step safe0.02°. The microstructural
characterization and chemical composition were gotetl on Olympus PMG-3
Optical microscope (OM) and JSM-6301F field emissigcanning electron
microscope (SEM) equipped with energy dispersivergpscopy (EDS). SEM-based
electron back scatter diffraction (EBSD) analysesrenvcarried out in the SEM
mentioned before equipped with an Aztec EBSD syskgiin a step size of 0.pm.
The samples for OM and SEM microstructural obséraatwere etched by a reagent
composed of 3% HF, 10% HNQand 87% HO (vol. %) for 20 s. However, the
EBSD samples were produced only by grinding andtedbytic polishing without
etching. In order to investigate the influence obling rate on the SLM-produced
microstructure, only XZ section (along the buildredtion) of the samples was
characterized. Vickers micro-hardness tests wergedaout using a Future Tech
Fm-700 machine at a 50g load, whereas all the leasgddata shown were averaged
from minimal ten parallel testing values.

Finite element modeling (FEM) was performed by Coimd.2a software. The
dynamic temperature field in the specimen was stedl using the heat transfer
module in the FEM. The FEM geometry was cubic veithize of 10 x10 x10 nin

The same processing parameters, such as the sead ep 1500 mm/s and layer



thickness of 3@um, were used as in SLM process. The top surfacditbom was set
as the argon gas atmosphere with a room temperatheetemperature data of the
monitoring points at different times can be obtdirthen the temperature was used to
derive the heating rate and the cooling rate.

In order to evaluate the effect of cooling rateveear properties, specimens with the
gauge of 3 mm in diameter and 5mm in height weteoouthe top surface and deep
inward, respectively. The MMW-1A machine, which qaised three cylinder against
a plate sliding system, was used for wear tesfihg. cylinder specimens had a round
contact surface with a stainless steel plate. €segarameters were set as load of 80
N and speed of 200 r/min at a room temperatureedbamples were tested and the
test lasted 1 hour with a step of 15 min; the wisiglf specimens were measured for

each step and the wear weights were calculatea:qubatly.

3. Results

The XRD patterns of the SLM as-built specimenssii@vn in Fig. 2. The Si particle
(Fd3m, fcc,a=0.5429nm) and-Al phase (Fd3m, fca=0.4049nm) are identified on
the profiles. Usually, the crystallinity degree damreflected from the peak width of
XRD pattern; a wider peak means lower crystallidigégree. As such, the group A has
a lower degree of crystallinity with a wider pedkAd matrix than the group B. Fig. 3
shows the EBSD mapping results of the sample ABunid the X-Z cross-section
along the Z-direction based on crystallographicapeeters of theo-Al phase

identified by XRD profile. The reason why Si phas&as not considered for
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diffraction is that its small size in hanometeidss than the detecting resolution of
the machine. Figs. 3a and 3c present the imagetyunapping (IQ) results, while
Figs. 3b and 3d show the inverse pole figure mappinthe Z-direction (IPF-Z). As
can be seen, the-Al grains in Sample-A near the top surface showaadom
crystallographic orientation. By contrast, the gsafar away from the top surface are
elongated and exhibit a strong texture aligned @lthe <100>//Z direction due to
homoepitaxial growth. Such strongly textured gram®senting a cubic fiber, have
been extensively reported in different alloyingteyss and are attributed to thermal
dissipation gradient [2, 3, 29].

From the IPF mapping, special areas with fine ajdaxed grains can be observed
along a curving area which has the exact featurethef melting pool. This
phenomenon is caused by the heterogeneous nuodleatimurring in front of the
liquid-solid interface and is similar to the chiibne in the cast process [30]. Taking
the misorientation of grain boundaries (GB) intmmsideration, the misorientation
values higher than 2@re outlined by black lines and those lower thathate marked
by with red lines. Indeed, the area near the tofase within a depth of ~100m in
Sample-A consists of not only the equiaxed graiitk tiigher misorientation, but also
a high density of low-angle subgrain boundariefwed lines and enlarged in Fig. 3b.
Such low-angle subgrain boundaries composed abaitibn tangles can be linked to
the thermal stress due to fast cooling and lackudficient thermal cycling compared
to the elongated grains below in which the subgbaindaries are rarely observed [8,

11]. Such a phenomenon could be analyzed to lirtk wie improved mechanical



properties in terms of the microhardness and stineng

Fig. 4 shows the microstructural morphology and EB@pping in the X-Z
cross-section. To be detailed, the Figs. 4a armtiegpond to that of Sample-A, while
Figs. 4c and d are related to Sample-B. The deadnbrphologies can be observed
in both two samples which show a similar dendriter-@\l phase and interdentritic
Si-particles as reported in literature [28, 31,.3R]s worth noting that the dendrite
size between the two samples is different. The $aimear the top surface exhibits
near equiaxed fine dendrites with a smaller siz6Qff nm (Fig. 4a) and Si particles
with a size of less than 50 nm (Fig. 4b), while 8&mple-B shows elongated and
coarse dendrites sized exceedingn2 (Fig. 4c). Furthermore, the distribution of Si
(highlighted in red color in Figs. 4b and d) shoaldo be noted. The element of Si
distributes relatively uniformly in Sample-A wittomoticeable segregation. However,
the Si-particles shows an obvious tendency of detedritic segregation in Sample-B.
The observed EDS results are thus consistent Wwithphase diagram that the Si
particles precipitate on the fast cooling conditidoe to its limited solubility
(approximately 0.05%) in Al-based alloy.

Fig. 5 shows the variation of cooling rate aroume melt pool boundary. It has been
reported that the heat transfer in melt pool depandthe dynamic movements of the
metallic liquids including turbulence and conventi®3]. The melt pool boundaries
are regarded as solid-liquid interfaces and theno@tg of solidification, so the study
on cooling rate of the melt pool boundaries camp helderstand the reasons for the

formation of microstructure gradient. It is cleathat the cooling rate of the top melt
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pool boundary is different from that of the bottoithe cooling rate of the upper
surface even reaches 1.44 ¥ ¥Js, which is much higher than that of the bottom
cooling rate with< 1x 1G K/s. Such a high gradient in cooling rate woulféef the
microstructure formed in SLM-produced AlSilOMg camnpnts, including sizes of
dendrite and the Si-particle. The specific reasaat Si particles in the metal matrix
cannot be precipitated and evenly distribute in ihegrix, thereby forming a fine
microstructure with uniform grains [34].

Fig. 6 illustrates the morphology of indentatiord/kers hardness measurements at
the XZ cross-section, the tested points are alorgjrection from the surface to
bottom and the distance is ~hfn near the top. Notably, with the increase in the
distance from the top surface, the indentation sgmificantly increases. This
demonstrates that the hardness value decreasestli®riop area to bottom. The
hardness value of the top area (sample A) is 148£7Fig. 7), then it drops to 126+6
HV dramatically with a distance of only 50n at the position 2. Such a significant
difference is caused by the Si particle size arstridution. The Si particles in the
bottom area are large and mainly distribute ainttexdentritic. Differently, the size of
the Si particles is small and evenly distributeshie dendrite. These fine Si particles
contributes to increase in hardness values.

Fig. 8a shows the relationship between the weamaiaf AlSi10Mg alloy and time
for both sample A and B. It is clearly that the weaight rate of sample A is less than
that of sample B. However, these two groups possessiilar coefficient of friction

(COF) (Fig. 8b). Undoubtedly, the finer Si partgland the sub-boundaries would
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enhance the wear resistance property. The same hesbeen found in the results of
hardness and wear resistance property: the weatamse increases with an increase
in hardness of the material. For such a case, ckeoavledgement of wear property

implies that the wear resistance ability is dinggtoportional to the hardness of the
material: a higher hardness will improve the wessistance property [35]. Based on
the results of Fig. 8b, the finer Si particles laasttle effect on the coefficient of

friction. This could be attributed to the similantents of Si element in two samples,

resulting in limited influence on the coefficierftfaction of the two samples.

4. Discussion

4.1 Relationship between microstructure and cooling rates

The cooling rate is one of the dominating factowirdy solidification process to
determine the final properties of metal parts [9%-8n one hand, fast cooling rate in
the SLM solidification process leads to formatidnuaique microstructure [40]. For
example, the displacive martensitic phase withezmély fine size was found in SLM
Ti-6Al-4V samples due to fast cooling rate which swaesponsible for the
improvement of the tensile strength [41]. The higloling rate can even reach to the
extent that the metallic glass parts can be pratlbgeSLM. Paulyet al. [42] pointed
out that the SLM process with layer-wise constauctimanner is suitable for
manufacturing bulk metallic glass parts due to at farocessing cooling rate.
Furthermore, the diffusion rate of metal atoms alhalying elements is limited due to

fast cooling rate [6, 43]. Prashardhal. [43] found that the Al and Si distribution in
12



SLM-produced parts are not uniform; Si particlepcantrate at the boundaries of
lamellae with a size of 200 nm. As the cooling raen affect the degree of
crystallinity, the SLM-produced samples exhibit @avér degree of crystallinity
compared with the cast counterparts [43]. In addjtAl-Bermaniet al. [44] showed
that the formation of subgrains and low grain bauries (sub-boundaries) are evident
in columnar primaryp grains under a fast cooling. The AM-produced potsiare
slightly different from conventional parts with g to microstructure and properties.
Hence, it is necessary to analyze the specifidi$iaiation process for a typical metal
material during SLM manufacturing.

The metal powder would quickly melt into a liquidgd once the high-energy laser
scans on it, thereby promoting the distributionalddying elements. As such, rapid
cooling inhibits the growth of grains and alloyialgments segregation. This leads to
that the metal matrix in the solid solution of th#oying elements cannot be
precipitated and are evenly distributed in the mathereby refining grains to form
fine microstructure. It is know that the size ahdfge of melt pool are determined by
the input laser energy and laser scan speed [4&n Eor a given melt pool, the
cooling rates of the top area and of the bottora are quite different. Liet al. [40]
had pointed that the cooling rate has a signifigafience on the microstructure and
the dendritic growth (therefore the size of demd)it Thus, it is necessary to study the
relationship of the cooling rate and microstructunguding the dendritic size and Si
particles in the Al matrix.

Due to the small size of the melt pool, nowadayis itmpossible to obtain the real
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temperature byn situ monitoring techniques. However, FEM can be adopted
simulate the size and shape of melt pool as wath@ashermal field distribution. The
cooling rate can be calculated based on the termyperaariation [46].

Interestingly, the cooling rate has important iaflae on dendrite arm spacing size.
Stefanescu [47] has revealed the relationship efdéndrite arm sizel) and the
cooling rateT,

M=c T (1)
wherec; is the constant of AISi10Mg alloy amdis the rate exponent. This equation
indicates that the dendrite size decreases witle@sing the cooling rate. Hence, the
difference in dendrite size between sample A arghB be easily explained based on
the above results. Additionally, sub-boundary faiioracan be affected by the fast
cooling rate. Hirsclet al. [48] reported polycrystalline aluminum sample @ning
many dislocation loops after quenched from ~600M© iced brine. Theoretically,
the dislocation loops have the same formation nshawith sub-boundary. So, it
can infer that the sub-boundaries near the topaserére caused by the fast cooling

rate.

4.2 The mechanical propertiesof gradient microstructure

The mechanical properties of Al-Si alloys are digantly determined by the
microstructure structure in terms of distributidneatectic Si in Al matrix, subgrains
and sub-boundaries [9-11, 14, 22, 26]. Mechanicapgrties of metal parts vary

significantly with the microstructure including tipdase type, grain size and shape,
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dendrite and element segregation [7, 8]. It cortinto be a major scientific challenge
to optimize microstructure. It is well accepted tthdastic deformation methods
including rolling, drawing forging and ECAP can prote grain refinement [8-11].
Accordingly, the sub-boundaries or internal distaoas could be found in the process
of plastic deformation process [11]. The generatibthe dislocations and sub-grain
boundaries can strengthen the hardness and strgi@jtiThe wear resistance of the
material is determined by its hardness. Ma et 48] jhad revealed that the finer
particle size and higher hardness in aluminum atloyposites could increase wear
resistance.

In cast Al-Si alloy, there are usually a large nemlbf needle-like or plate-like
eutectic Si and even coarse primary Si particles faich Si particles would
significantly fragment the Al matrix, thereby deteating the mechanical properties
of Al-Si alloy (especially the toughness). Sigrgint decrease in the toughness would
be unfavorable for the machinery performance ofSAlalloy. As such, extensive
endeavors have been made to study the eutectindSipamary Si refinement to
improve the mechanical properties of Al-Si alloyor@entionally, the metamorphic
treatment is usually used for Al-Si alloy to sumsrehe growth of Si phase. After
microstructure manipulation, the Si grains in tHeSAalloy are small, which result in
remarkable enhancement in the strength and touglofid¢se Al-Si alloy [50]. Usually,
the addition of alkali metal elements and rareheatements to the modified Al-Si
alloy can be modified to a certain extent, to sepprthe growth of Si phase in Al-Si

alloy, to refine the grains and improve the mectanproperties. However, such a
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method could reduce the flowability property of 3il-alloy, thereby affecting its

casting performance.

5. Conclusions

In this work, the relationship of AISi10Mg alloy amostructure and the cooling rate
based on selective laser melting (SLM) technologysystematically studied and
analyzed. Based on these experiments, the resalienmarized as follows.

1. The cooling rate of the area near the top surfétbeoAlSi10Mg SLM-produced
specimen reached 1.44 x°XJ's, which is much higher than that of bottom with
1x 10° K/s.

2. Microstructure and mechanical properties show aifsignt gradient performance
with a range of ~10@m. The top surface area has a lower degree ofatlipsly
of Al matrix than that of core area.

3. Compared with the bottom area of melt pool wittowdr cooling rate, a higher
cooling rate in the top area can lead to formatibsubgrains and sub-boundaries,
as well as the finer Si particles. Such microstraitfeatures usually exist in the
solid solution of the alloying and cannot be préaied and evenly distributed in
the AISi10Mg matrix, resulting in finer dendrititrgcture.

4. The surface area obtains a higher hardness antegkedue wear resistance due
to the finer Si particles evenly distributed, finéendrites and occurrence of

sub-boundaries compared with the core area.
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Fig. 4 The SEM-EDS image of of SLM-produced AlSil@Msit XZ cross-section: (a)
and (b) the dendrite morphology and correspondingl&mental distribution in
Sample-A, (c¢) and (d) the dendrite morphology awdresponding Si elemental

distribution in Sample-B.
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Highlights
Gradient in microstructure and mechanical property of selective laser melted parts
was reported.
The cooling rate of the melt pool was simulated
The top surface area has a lower degree of crystalinity of Al matrix than that of
core area.
Obvious massive sub-boundaries and finer dendrites were found in surface area

The hardness and wear resistance of the surface is better than the core area
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