J. Cent. South Univ. (2021) 28: 1043—1057

DOI: https:/doi.org/10.1007/s11771-021-4678-x 9 Springer

Hall-Petch relationship in selective laser melting additively
manufactured metals: using grain or cell size?

WANG Yin(E#), WANG Yue-ting(E i 45), LI Rui-di(Z= %), NIU Peng-da(“fJIi%),
WANG Min-bo(E & ), YUAN Tie-chui(GR k%), LI Kun(Z= )

State Key Laboratory of Powder Metallurgy, Shenzhen Institute of Central South University,
Changsha 410083, China

© Central South University Press and Springer-Verlag GmbH Germany, part of Springer Nature 2021

Abstract: The mechanical properties of many materials prepared by additive manufacturing technology have been
greatly improved. High strength is attributed to grain refinement, formation of high density dislocation and existence of
cellular structures with nanoscale during manufacturing. In addition, the super-saturated solid solution of elements in
the matrix and the solid solution segregation along the wall of the cellular structures also promote the improvement of
strength by enhancing dislocation pinning. Hence, the existence of cellular structure in grains leads to differences in the
prediction of material strength by Hall-Petch relationship, and there is no unified calculation method to determine the d
value as grain size or cell size. In this work, representative materials including austenite 316L SS were printed by
selective laser melting (SLM), and the strength was predicted. The values of cell size and grain size were substituted
into Hall-Petch formula, and the results showed that the calculation error for 316L is increased from 4.1% to 11.9%.
Therefore, it is concluded that the strength predicted by grain size is more accurate than that predicted by cell size in
additive manufacturing materials. When calculating the yield strength of laser additive manufacturing metal materials
through the Hall-Petch formula, the grain size should be used as the basis for calculation.
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components with fine structure and good

1 Introduction

Austenitic 316L stainless steel (SS) is widely
investigated because of its widespread application
in various industries, including kitchen tools, food
industry, medical implants, petrochemical,
nuclear power plants, and marine, owing to its
excellent corrosion and oxidation resistance [1—4].
In addition, 316L austenitic stainless steel has
excellent welding ability due to the low carbon
content, and has been wused in additive
manufacturing (AM) technologies to produce

mechanical properties [5, 6]. AM is a complex
process in which metal parts are fabricated
layer-by-layer using three-dimensional (3D) data,
involving the coordination among laser system, gas
protection system and powder feeding system [7-9].
Among all AM technologies, SLM is the most
concerned one since it has relatively high forming
accuracy and good surface roughness, and has
successfully fabricated metal components with
ultrafine-grained structure [10, 11]. Therefore, the
316L SS parts printed by SLM possess excellent
comprehensive mechanical properties and good
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formability [12, 13]. The research on the
strengthening mechanism of SLM printed metal
materials with high strength has become the focus
of researchers. Most of them based on the
Hall-Petch formula to explain its strengthening
mechanism. However, because of its special and
complicated structure including grain and cell, the
selection of grain size d value is controversial
[14, 15].

Hall-Petch summarized the relationship
between the yield strength of a crystal and the grain
size, and found that the yield strength of a
polycrystal was inversely proportional to the grain
size, that is, the smaller the grain, the higher the
yield strength, and the larger the grain, the lower
the yield strength. The formula is derived based on
the dislocation theory [16—19]. When the material
deforms, the larger the grains, the larger the number
of dislocations and the greater the stress
concentration. Therefore, it is easy to activate the
source of dislocations of adjacent grains. The
expression is as follows [20]:

o, =0,+kd™? (1)

where oy is the yield strength; oo is the frictional
stress determined by the crystal structure and
dislocation density; d is the average grain size; and
k is the influence coefficient of grain boundary on
strength, which is a constant. It is worth noting that
the effect of the cell boundary on the material is
similar to that of the grain boundary, and it also
hinders the movement of dislocations.

Since the strength of aluminum alloy prepared
by the traditional processing method is much lower
than that of SLM, many researchers have studied
the strengthening mechanism of SLM components.
XI et al [21] studied AI-12Si alloys prepared by
SLM and found that the main reason for the high
strength of SLM printed aluminum alloys was the
presence of a large number of cell grains. The
barriers of dislocation motion and pinning effect
will be greatly enhanced as the number of cell
boundaries increases, and thus the dislocation
movement requires greater applied stress, inducing
the elevated yield strength. Therefore, the yield
strength of SLMed Al-12Si alloys calculated by cell
size is increased by 76 MPa compared with the
strengthening value calculated by grain size. On the
contrary, JIA et al [22] believed that the strength
improvement of SLM printed aluminum alloy is not

the only obstacle of grain boundary to the
movement of high-density dislocations, the solid
solution strengthening and modulus hardening also
matter. The strength of SLM printing aluminum
alloy, therefore, should be predicted by grain size
rather than that of cell. At the same time, the same
controversy exists in the 316L stainless steel
prepared by SLM. WANG et al [15] estimated the
strength of SLM 316L stainless steel by Hall-Petch
formula, and the cell size was used to replace the
value of d. The calculated strength was 516 MPa,
accounting for a substantial portion of the actual
value of 590 MPa. Hence, it was believed that the
existence of solidification cellular structure was the
major contributor of high strength for SLM 316L
stainless steel. However, BAHL et al [16] thought
that there are certain critical issues using the cell
size to calculate the strength of SLM 316L stainless
steel. This calculation method has some defects in
the selection of the value of Hall-Petch constant &
and the contribution of high-density dislocations to
the strength of materials is ignored. The improved
Hall-Petch formula is as follows:

o, =0y +kd"* +MaGb\p 2)

where the MaGb is dislocation strengthening factor
and the value of d was replaced with the
conventional grain size.

In the present investigation, the strengthening
mechanisms of parts prepared by SLM were mainly
studied based on the Hall-Petch formula to predict
SLMed parts mechanical strength. Grain and
cellular microstructures of SLM printed 316L
stainless steel were characterized by SEM and
EBSD, and the yield strength of alloy was obtained.
The relationship between grain/cell size and
Hall-Petch formula were studied. Besides, SLM
printed pure aluminum and AlSilOMg were
characterized by EBSD and their tensile properties
were also calculated, in order to prove the general
applicability of the calculation method.

2 Materials and method

2.1 Specimen preparation

Spherical gas atomized powder was in-house
prepared by a vacuum induction gas atomisation
(VIGA) process. The main chemical compositions
of the developed 316L SS, pure Al (99.9%) and

AlISi10Mg alloy powder reported on herein
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were determined by inductively coupled plasma
atomic emission spectrometry (ICP-AES), as listed
in Table 1. After sieving, the powders within the
size distribution ranging from 15 to 61 pym were
processed with SLM using a FS271 machine
(Farsoon, Inc, China), equipped with a 500-W
Gaussian beam fiber laser at a laser beam diameter
of 90 um. The bidirectional scanning strategy with a
67° angle rotation between adjacent layers was
applied. After a series of optimization of SLM
process parameters, samples of three different
components, including 316L SS, pure Al and
AlSi10Mg alloy, were printed with an optimal laser
power (P), scan speed (S), hatch distance (H) and
layer thickness (L). The SLM process parameters
are listed in Table 2. Through the analyses of
Archimedes method on the samples printed with
these applied parameters, it was found that the
relative density of these samples is over 98.1%.

Table 1 Chemical composition of the raw powder

Material Mass fraction/%
Mg Si Fe Cu
0.35 9.54 0.94 0.19
AlSilOMg
Zn Ni Al
0.20 0.11 Bal.
Cr Ni Mo Fe
17.29 10.19 2.06 Bal.
316L SS
C Mn P Si
0.024 1.14 0.023 0.48

Table 2 SLM print parameters

Material P/W S/(mm-s™!)  H/mm L/mm
Pure Al 300 800 0.1 0.05
AlSil0Mg 300 800 0.1 0.05
316L SS 300 900 0.09 0.03
2.2 Materials characterization
For microscopy analysis, the specimens,

including pure aluminum, AISi10Mg, and 316L SS,
were systematically ground and polished to a mirror,
etching with corrosive liquid at the last stage.
Subsequently, a field emission scanning
electron microscope (FESEM NanoLab600i,
Germany) operated at 15 kV was used for
microstructure observation. Electron backscattering
diffraction (EBSD) was employed for the

examination of grain size using a FEI NanoLab600i
microscope equipped with an EDS detector. The
step size of the EBSD measurements was 1.5 pm.
The grain/cell morphologies and EDS mapping
were viewed through filed emission scanning
electron microscope (FEI NanoLab600i SEM).
Transmission electron microscope (TEM) was
employed for a detailed analysis of dislocation
morphologies, using a FEI Tecnai G2 F20C zech
microscope equipped with high resolution
transmission electron microscope (HR-TEM) and
operated at 200 kV. TEM specimens were prepared
by standard electrochemical polishing procedures.
Microhardness and tensile samples were cut
along the laser scanning direction. Microhardness
was evaluated on the whole cross section with
Vickers microhardness tester, subjecting to a load of
50 g and a dwell time of 15 s. The tensile tests were

carried out at a strain rate of 1x107° s™' with a
roboticizedtesting machine (MTS system, Eden

Prairie, MN, USA) at room temperature.

3 Results

3.1 Microstructure of SLMed 316L SS

Rapid cooling rate generated in the SLM
process results in an ultrafine cellular structure in
the as-printed 316L. These cells are austenite iron
matrix decorated with networks of dislocation
networks. Figure 1 presents an SEM morphology of
a SLMed 316L sample observed by electron
channeling contrast imaging (ECCI) test. It was
produced by FS271 SLM machine (Farsoon, Inc,
China), using mature process parameters (for 316L),
laser powder 300 W, scan velocity 900 mm/s, hatch
distance 0.09 mm, and layer thickness 0.03 mm.
The ECCI image shown in Figure 1(a) clearly
reveals the obvious microstructure features of the
SLM printed sample, including half-cylindrical
molten pool and molten pool boundary, with width
of molten pool ranging from 60 to 100 um. A large
number of columnar grains growing towards the
center of molten pool constitute a typical molten
pool morphology. Figure 1(b) shows the enlarged
image of the characteristic areas in Figure 1(a). It
clearly reveals that columnar grains are composed
of neatly arranged or netlike nano-sized cells.
Various structures appear on different columnar
grains due to the difference of solidification
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Figure 1 Backscattered electron images in SEM of 316L SS microstructures produced by SLM: (a) Typical morphology

of molten pool; (b) Magnified columnar grain; (c) Cellular structures in columnar grains; (d) Bright-field image of

cellular structure observed by TEM

conditions, that is thermal gradient, cool rate,
including the reticular structure (dislocation cell)
and the columnar structure (dislocation wall). The
reasons for the formation of the cellular structure
will be discussed further.

The cellular structure of the columnar grains is
shown in Figure 1(c). The dislocation walls are
clearly visible in parallel and decorated with
nanoscale cells. In order to see the structure of the
cells more clearly, TEM was used to observe a
small part of the cells. Figure 1(d) is the bright field
image of the cells. The results show that the cell
boundary is composed of a large number of
entangled dislocations, and many dislocations also
exist inside the cell. PENG et al [23] observed the
substructure of the as-printed 316L SS material
through TEM and found that the cell boundary is
composed of a large number of entangled
dislocations, divided into dislocation wall and
dislocation cell according to their shapes. Due to
the continuous heat circulation in the printing
process, local tensile stress is formed. The joint
action of tensile residual stresses coupled with

thermal strain generation results in the formation of
the dislocation networks [14]. WANG et al [15]
proved the element segregation of Mo and Cr along
the walls of cellular structures during the process.
Although the materials are printed in different ways,
the microsegregation of Mo and Cr still exists [24].
Therefore, we posit that the cell boundary is mainly

composed of entangled dislocation structure
coupled with Mo and Cr clusters.
Figure 2(a) displays the engineering

stress—strain curves of as-printed 316L SS. The
yield strength, tensile strength and total elongation
of as-printed 316L SS were detected as 559.56 MPa,
674.56 MPa and 41.8%, respectively. In the recent
study, the higher strength in a series of materials
prepared by SLM has been widely reported. The
source of strengthening has attracted the attention
of many researchers. The research focuses mainly
on the effect of cellular structures and dislocation
network on the yield strength improvement of
printing materials, which is explained based on
Hall-Petch formula. However, in the current reports,
there are differences in the calculation of yield
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Figure 2 Engineering stress—strain curves (a) and
predicted strength values of printed samples (b)

strength of materials by Hall-Petch formula [15, 16].

Some researchers believe that cellular structures
contribute more to the strength than grains and that
cell size should be used to calculate the yield
strength of materials, while others do not. In this
study, we posit that the cell boundary is mainly
composed of entangled dislocation, and the
strengthening of the cellular structure can be

summarized as the dislocation strengthening system.

In other words, the main contribution of the
existence of cellular structures in printing materials
1s to enhance the dislocation. Therefore, the
strength of printed 316L SS is mainly considered in
the following part. In addition, the effects of defects
such as pores and microcracks on the material
strength cannot be ignored.

In this case, solid solution hardening, grain
boundary strengthening and dislocation
strengthening are considered the main strengthening
mechanisms  affecting the SLMed 316L.
Considering the present scenario, the yield strength
could be calculated as:

Gy:GOJFUGBSJFUDS (3)
OGps =kd ™ 4)
Ops =MaGb[p (5)

where oy is the yield strength; the factors oo, ogas
and ops represent the contribution of the friction
stress and solid solution hardening, grain boundary
strengthening, and dislocation strengthening to the
yield strength, respectively and gy is about 150 MPa;
k is the Hall-Petch parameter (approximately
300 MPa-um'?[15]); d is the average grain size; M
is the orientation factor (approximately 2.20 [16]);
o is a constant (approximately 0.3); G is shear
modulus (78 GPa); b (0.25 nm) is Burgers vector.

It can be seen from Figure 1 that the grain
morphologies are different, with different
elongations along the construction direction, which
has a certain influence on the statistics of grain size.
Thus, the effective average grain size of a grain is
calculated using EBSD. The effective grain size is
estimated to be around 24 pum for the as-printed
316L samples, and dislocation density is selected to
be around 6x10'* m™? [16]. Grain size and
dislocation density are substituted into the equation
to calculate the yield strength of the material. The
calculated yield strength value is 536.2 MPa, which
is basically consistent with the experimental value
of 559.56 MPa. However, it is inevitable that there
will be a difference between the predicted value and
the experimental value because of the defects and
grain morphology. Table 3 presents the
contributions of solid solution hardening, grain
boundary strengthening and
strengthening of samples. Then, the effective
average size of the cells (400 nm) is also substituted
into the equation, and the strength of the sample is
calculated to be 626.19 MPa. It is worth noting that

dislocation

Table 3 Contributions of various strengthening mechanisms (MPa)

Grain boundary

Solid solution hardening (o) strengthening (caps)

Dislocation strengthening Oy

(oDs) Calculated Experimental

150 61.2

325[16] 536.2 559.9
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the dislocation strength should be removed when
the cell size is used to predict the material strength.
The predicted value obviously exceeds the
experimental value, which is related to the cause of
the formation of cells. Figure 2(b) shows the
relationship between the material strength
calculated by the two calculation methods and the
experimental value. A total of four groups of tensile
samples were prepared, corresponding to different
yield strength predictions, and marked as one group
with the same pattern. It is obvious that the
predicted value obtained after the substitution of
grain size into the equation is more in line with the
practical significance. By calculating the percentage
error between the predicted and experimental values,
it can be found that the strength predicted by cell
size is increased from 4.1% to 11.9% compared
with the strength predicted by grain size. The
relative density of the printed 316L in this work is
98.94%.

3.2 Microstructure of SLMed Al-alloy

To further illustrate the reliability of the above
calculation method, pure aluminum and AlSilOMg
are subsequently printed by SLM. Figure 3 displays
the vertical-sectional SEM images of the etched Al
parts fabricated by SLM. In the microstructure of
SLMed Al in Figure 3(a), pores still exist at the
molten pool boundary after rapid melting and
solidification. Pores are introduced resulting from
the low melting point of Al, the disappearance of
entanglement dislocations after corrosion and the
high viscosity of pure aluminum at the late
solidification stage, which makes it too late to
replenish the pores among secondary dendrites [25].
Besides, columnar dendrites grow along the center
of the pool and are connected to the columnar
grains in the upper layer, which demonstrates that
typical non-equilibrium microstructures can be
observed in the SLMed Al part, as shown in
Figure 3(a) and the magnified version of

Figure 3 Mlcrostructure of SLMed Al: (a, b, ¢) Microstructure of SLMed Al sample detected us1ng SEM,; (d) Cell
boundaries and dislocation structures in SLMed Al observed by TEM
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Figure 3(b). Figure 3(c) reveals that cellular
substructures constitute the columnar crystals.
Similar findings were also found in the pure copper
printed by HUANG et al [26]. However, the
formation of cellular structural was not discussed.

The formation of dislocation cell structures in
the metal material through multiple slip
deformation is a well-known phenomenon, whose
formation mechanism has been proved. There are
many theories that can support the formation of
cellular substructures owing to the formation of a
large number of dislocations in metal materials after
multiple slip deformation [27-29]. However,
because of the rapid cooling mechanism of SLM
components in the printing process, a great deal of
internal residual stress is generated, which can also
promote the formation of this substructure.
Figure 3(d) shows a bright-field (BF)
microstructure of the SLMed Al, revealing that the
grain boundary of the cellular structure in the
SLMed Al is composed of numerous entangled
dislocations. RAMIREZ et al [30] believed that it is
extremely unlikely for cellular solidification to
occur in SLMed pure Cu, and reported that copper
oxide precipitates exist at the boundary of cell. To
analyze the chemistry of the printed pure aluminum
cell boundary, energy dispersive  X-ray
spectroscopy (EDS) in the scanning TEM (STEM)
was employed and the results are shown in
Figure 4.

It is revealed that there is no segregation of
other elements in the cell boundary, in which the
percentage of aluminum is 99.8%, the content of Si
is 0.15%, and the content of Mg is 0.5%. Thus, the
printed pure aluminum cell boundary mainly
consisted of a large number of entangled
dislocations, containing trace amounts of other

. L5 1 pm Mg

. : Lum
Figure 4 EDS mapping of Al, Mg and Si in SLMed pure
Al sample

elements. But the existence of oxides has not been
proved.

Solid solution strengthening is not involved in
the pure aluminum alloy, so it should be abandoned
when considering the contribution of strengthening
to yield strength. However, a large number of
dislocations can be observed in the microstructure
as shown in Figure 3(d). Therefore, the dislocation
strengthening mechanism is an important factor to
improve the strength of the printed pure aluminum.
In this work, the reason for the improvement of the
strength of the printed pure aluminum relative to
casting is the hindrance of boundary of grains and
cells to dislocation. However, it is not clear that
whether the grain boundary or cell boundary plays
the main role in the printed pure aluminum
although it has been confirmed that the grain
boundary is the main factor in the strength
simulation of printed 316L parts. The yield strength
(oy) of SLMed pure Al can thus be expressed:

_ -0.5
o, =0, +kd

where oy is the tensile strength of pure Al (taken as
35 MPa [31]); k is the Hall-Petch slope constant,
which is different from casting pure aluminum due
to the fact that the grain size of printed pure
aluminum is small. Thus, 130 is chosen to be the
value of the Hall-Petch slope £[32].

The tensile strength of printed pure aluminum
is predicted by input of average grain/cell size.
Using EBSD data, the effective sizes of grain and
cell are 6 pm and 0.3 pm, respectively. The
predicted tensile strength are 88.06 MPa and
211.60 MPa for the grain size and cell size,
respectively. Subsequently, these strength values
(oy) are converted to hardness values (H) as
follows:

3H=0,

Therefore, the hardness values of the predicted
printed pure Al are HV 29.35 and HV 70.53,
respectively. The hardness of HV 29.35 calculated
by grain size is in good agreement with the
experimental value of HV 32.32, as shown in
Figure 5. This calculation result is consistent with
the calculation result of printed 316L in the
previous section. Regardless of the complexity of
grain boundary composition, it is more accurate to
predict the printed pure Al strength with grain size.
In order to further prove the reliability of this
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Figure 5 Calculated value and experimental yield
strength of SLMed pure Al

viewpoint, the grain boundary structure of
AlSi10Mg alloy was analyzed and the strength was
predicted.

The predictions of the strength of as-printed
316L SS and pure Al were discussed above based
on the hindrance of grain boundary to dislocation.
The predicted values obtained by substituting grain
size into Hall-Petch formula are more in line with
experimental values than those by cell size.
However, neither of the two materials discussed
above contributes to grain boundary element
precipitation, eutectic strengthening and solid
solution strengthening to the strength of printed
materials. Therefore, the prediction and calculation
of the strength of the printed AlSi10Mg alloy will
be discussed below.

The surface morphologies of the SLMed
AlSil0Mg alloy along the yz direction are presented
in Figure 6. A typical molten pool morphology of
fish scale pattern can be observed and a small
number of circular holes are distributed around the
molten pool (Figure 6(a)). The pores are mainly
caused by incomplete filling of the pores between
adjacent printed layers and insufficient filling of the
pores between adjacent secondary dendrites at the
late solidification stage [33]. Figure 6(b) shows the
special grain morphology inside the molten pool
due to the rapid cooling mechanism and steep
thermal gradients during the laser process. The
special forming environment of the sample results
in local microstructures that differ from traditional
manufacturing methods such as casting. The molten
pool is composed of a large number of grains
orienting towards the building direction, while a

large number of eutectic cellular networks are
composed of grains [34]. The length scales of the
melt pool are hundreds of microns, while the
diameters of grains are generally between 2 and
8 pum. Besides, we found that the grain sizes in
different pools are different. Therefore, in order to
obtain a representative average grain size, the
average grain size measured by EBSD is
(3.7£2.8) um. The local enlarged image of molten
pool in Figure 6(c) shows the eutectic cellular
network with an average size of (500+120) nm.
Most of Al cells usually appear equiaxed in the
SLMed AIlSilOMg along the melt pool core
direction. Besides, cell boundaries decorated by
eutectic belts possess nanoscale characteristics,
which are formed by precipitated Si elements under
rapid cooling condition [33]. ALGHAMDI et al
[35] observed that these eutectic belts with
nanometer characteristics are rich in Si and Mg
elements by EDS.

To analyze the distribution of Al, Si and Mg
elements in the eutectic cellular network, energy
dispersive X-ray spectroscopy (EDS) in the
scanning TEM (STEM) was employed and the
results are shown in Figure 6. It can be found that
Si clusters exist in the microstructure. Meanwhile,
the a-Al matrix is surrounded by eutectic Si walls.
Moreover, Mg element is segregated along eutectic
walls and intermetallic eutectic compounds (Mg:Si)
with Si elements forms.

The hardness values of the SLMed AlSil0Mg
material, including experimental value and
calculated values, are shown in Figure 7. The
SLMed AISilOMg sample has a hardness of
HV 146.19, which is higher than HV 136 of the
sample prepared by KEMPF et al [36]. The effect of
dislocation strengthening on the material strength
improvement cannot be ignored, which is
manifested as the interaction between adjacent
dislocations [37]. The cell boundary composition of
SLM printed AlSil0Mg alloy material is different
from that of printed pure Al and 316L stainless steel.
Through the detection of cell boundary components,
the complexity of cell boundary of printed
AlSilOMg can be revealed, and it is mainly
composed of precipitated Si particles, Mg,Si
intermetallic eutectic compounds and entangled
dislocations [36]. The formation of cell structure in
printed materials plays an important role in the
improvement of material strength, but all of them
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Figure 6 STEM microstructure of SLMed AlISil0Mg and cellular structure at two magnifications along with EDS

mapping of Al, Si, and Mg
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Figure 7 Calculated and experimental yield strength of
SLMed AlSi10Mg

act as a hindrance to dislocation. In other words, the
existence of cellular microstructure is the
manifestation of  dislocation  strengthening
enhancement relative to grain boundary. Therefore,
when the Hall-Petch formula is used to predict
material strength, the value of d size in the formula
is still dominated by grain size rather than cell size.
Then the yield strength of the material is about
438.57 MPa according to the 3H=0y. The reasons
for applying the modified Hall-Petch to predict the
strength of the printed material are as follows:
Because in addition to the grain boundary
strengthening ~ (GBS),  other  strengthening
mechanisms such as Orowan strengthening (OS)
and solid solution strengthening (SSS) are likely to
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be contributing to the overall strength in our
SLMed AIlSilOMg material due to the
organizational complexity [37—39]. The overall
yield strength of SLMed AIlSilOMg can be
expressed as:

_ !
0y =0"+0Gps +Osss + 00 (7)

where o' is the yield stress of pure Al (taken as
35 MPa [32]); ocss is the grain boundary
strengthening; osss is the solid solution
strengthening; oos is the Orowan strengthening. The
Hall-Petch equation calculates the strengthening
induced by boundary hindrance to dislocation
motion:

OGs =00 +hkd 03 (8)

where ogas is the increase in yield strength on the
grain boundary strengthening and oy is the lattice
friction stress (taken as 125 MPa); k& is the
Hall-Petch constant about 50 MPa for AlSi ultrafine
grain alloys [40]; d is the effective average grain
size which is 4.7 um by EBSD. The total
contribution of grain boundary is calculated to be
148.15 MPa. As such, the contribution to the
increment in yield strength induced by solid
solution strengthening can be calculated as below:

Osss = zAngB ©)

where A, is the constant related to the solution
mode of elements in Al matrix and Cp is the

concentration of the solute element in mass fraction.

The solubility of Si element in printed aluminum
alloy is between 6 wt % and 8 wt %, which forms a
supersaturated solution structure [35]. In addition,
the contribution of SSS in AISil0Mg is also from
Cu, Mg, Zn and Mn. Here we used the minimum
value of 68 MPa of elemental solid solution
strengthening from Al 7055 high-strength
aluminum alloys [41]. As such, the stabilized Mg,Si
phase and the nano-size Si particles with close
spacing can improve the alloy strength through
Orowan strengthening mechanism [42]. The
relevant particle involved Orowan strengthening
can be expressed as follows [43]:

where G is the shear modulus, which is 26.5 GPa
for the Al matrix; b is the constant of the Burgers
vector (~0.286 nm for Al); and L is the average

distance between nano-particles. The average
particle spacing of 84 nm was selected, referring to
the value of AlSi10Mg alloy printed by FITE et al
[34] at an annealing temperature of 170 °C. The
value of Orowan strengthening resulting from Si
and Mg,Si precipitates (estimated using Orowan
strengthening formula) is 180 MPa.

Thus, the total expected yield strength of the
as-printed AlSi10Mg induced by the combination of
these various strengthening mechanisms can be
calculated from the overall yield strength formula,
which is 431.14 MPa. The calculated value is very
close to the experimental value of 438.57 MPa.
FITE et al [34] believed that the contribution of cell
grain boundary to material strength is greater than
that of grain size, and thus cell size could better
reflect the improvement of printing material
strength than grain size. Therefore, the cell size of
500 nm is also used to predict the strength of the
printed material. Combined with various strength
contributions, the predicted strength of the material
is 476.43 MPa. By calculating the percentage error
between the predicted and experimental values, it is
found that the predicted strength by cell size is
increased from 1.6% to 10.3% compared with the
predicted strength by grain size. In general, it is
possible to predict the strength of a printed material
using either grain size or cell size, but grain size is
relatively more accurate.

4 Discussion

For polycrystalline materials, it can be proved
that the external shear stress has a linear
relationship with the reciprocal of the square of
grain diameter, namely the Hall-Petch relationship.
The derivation of Hall-Petch model is based on the
dislocation accumulation at the grain boundary. The
structure near the grain boundary is irregular and
the dislocation source is easy to form. Therefore,
based on the dislocation pile-up model, the grain
diameter can be deduced as follows:

2
Dnr

87,

d (11)
where 79 is the stress when the dislocation stacking
in the grain is basically completed and the applied
shear stress reaches the yield point of the material,
which is only related to the dislocation motion; 7 is
the number of dislocations of the pile-up under the
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shear stress; D i1s the number associated with the
type of dislocation. Furthermore, when the applied
shear stress is greater than the resistance of the
grain boundary to dislocation motion, the
dislocation source in the grain begins to move and
dislocation pile-up is formed at the boundary.
Therefore, by analyzing the minimum critical shear
stress required for the dislocation source to move,
the yield stress can be calculated as follows [44]:

r=r'+g1/2Drc(l+S)d_0‘5 (12)

where 7’ is the minimum comprehensive shear stress
used to enable the crystal material to overcome the
resistance to slip except dislocation pile-up, and is a
constant related to the material; D is a number that
depends on the type of dislocation; 7. is the shear
stress required for the dislocation source to move; S
is a quantity that is related to crystal lattice type,
grain boundary type and the degree of partial
interstitial atom clustering along the grain boundary
[45, 46]. It should be noted that the value of D is
the distance of effective dislocation movement,
which is the size of grain.

Based on the above analysis, it can be
concluded that the prediction of material strength
based on the dislocation pile-up model is more
accurate. In addition, the strengthening mechanism
in the metal alloy is often accompanied by other
strengthening mechanisms contributing to the
material strength. In this work, the rapid heating
and cooling during the SLM process lead to the
production of cellular structure [16, 24, 36, 37, 39].
Therefore, the effect of microstructure on
mechanical properties was studied. Two different
sizes including grain size and cell size were
substituted into the Hall-Petch formula to predict
the strength of the material. The results show that
the grain size is more accurate than the cell size in
predicting the material strength, and the reason is
related to the dislocation motion discussed earlier.
In Figure 1(d) and Figure 3(d), columnar grains
consisting of dislocation-decorated  cellular
structures are revealed, and there are also
considerable dislocation lines existing within the
cell. The formation of cellular structure
significantly contributes to the strength of printing
materials. Dislocations are affected by the cell wall
in the process of movement, because there are a lot
of entangled dislocations, precipitates and

strengthening phases in the cell wall. Therefore, the
bypassing and cutting of dislocations will occur
[36].

However, under external stress, most of the
dislocations and the dislocations without
entanglement in the cell wall will be aligned and
move to the grain boundary in the form of
dislocation lines. The generation of cell structure
does enhance the strength of the SLMed materials,
and also provide a high-speed diffusion channel for
the diffusion of elements within the matrix,
intensifying the dislocation enhancement to the
material strength, but it cannot be used as a basic
unit of material composition. Therefore, in order to
predict the strength of the printed material more
accurately, the value of grain size should be
considered the value of d rather than the size of the
cell. The comparison between the predicted and
experimental strength of the printed Mg alloy, Ti
alloy, Al alloy and 316L stainless steel is
summarized below. The predicted strength is
calculated by grain size, as shown in Figure 8.

1200 0,=1314290d"12

1065 B Calculated values
101753 m Experimental values

1000

800 [

600 |
o=

942+142412

34037054

438.57431.14

400

Yield strength/MPa

200 H
96.9688.06

0
WE43 Mg Ti AL,V 316LSS Pure Al AlSi,\Mg
[47,48] [49, 50]

SLMed alloys
Figure 8 Calculated and experimental yield strength
values of SLMed WE43 Mg, Ti6Al4V, 316L SS and Al

alloys
5 Conclusions

Materials prepared by 3D printing possess
high strength, such as 316L stainless steel and
aluminum alloy printed, attributing to its special
structure under the rapid heating and cooling
process, including ultra-fine grains, high-density
dislocation and nano-scale cellular structure. The
wall of the cell structure is composed of a large
number of entangled dislocations or precipitated
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phases, and the formation of the cell structure
provides a high-speed diffusion channel for
elements. In this work, the Hall-Petch formula was
used to predict the yield strength of the printing
material. The grain size and cell size were selected
as the sizes of the d value. However, it is worth
noting that the Hall-Petch formula is modified when
multiple  strengthening  mechanisms  jointly
contribute to the strength of printed materials. The
grain size and cell size of 316L stainless steel are
24 pm and 400 nm, respectively. The strength
calculation error predicted by grain size is 4.1%, far
less than the strength calculation error predicted by
cell size (11.9%). Yield strength is predicted by
grain size with an error of 1.6% and by cell size
with an error of 10.3% in printed AlSi10Mg alloys.
In addition, the yield strength of the printed Mg
alloy and Ti alloy was summarized, and the yield
strength predicted by the grain size is in good
agreement with the experimental value. One may
generally conclude from above part that when
evaluating the strength of printing materials by
Hall-Petch relationship, the result calculated by
grain size is closer to the experimental value with
the minimum error.
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