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Abstract
Simultaneous effects of boron (B) additions on grain refinement, morphological changes in Fe-intermetallic compounds, 
and consequent variations in mechanical responses of the cast Al-7.50Si-0.55 Mg (A357) alloys are evaluated in this 
research work. The contents B are varied from 0.002 to 0.40 wt. % and subsequent changes in the grain size and Fe-
intermetallics morphologies are assessed through polarized light images, optical micrography, and scanning electron 
microscopy. A small addition of B (0.04 wt. %) yields identical refinement result (620 µm) as noted for commercial grain 
refiner Al-5Ti-1B (642 µm); whereas, the higher amount (0.40 wt. % of B) reduces the grain size up to 44% (360 µm). 
In as-cast state, the structure of the π-Fe phase is transmuted from plate/needle-type to Chinese-script particles for 
increased quantities (0.10 ~ 0.40 wt. %) of B. Contrarily, the heat-treatment (T6) causes the depletion of Mg and B from the 
π-Fe phase Chinese-script morphologies and disintegrates them by creating segregated regions of Fe particles. These 
agglomerated areas of Fe particles act as stress concentration points during tensile loading and considerably decrease 
the ductility values from 6.7 to 1.8%. Therefore, it implies that great care must be taken while developing B containing 
grain refiners.
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1 Introduction

The utilization of Al-Si alloys has been diversified com-
prehensively in aerospace and automobile sectors during 
the last three decades due to their remarkable castabil-
ity to fill the intricate cavities, anticorrosion characteris-
tics, light weight, and superior strength to weight ratios 
[1–4]. Among the broad variety of Al-Si alloys, hypoeu-
tectic A356/357 alloys are typically employed to produce 
wheels, chassis, manifolds, and cylinder blocks [5]. Opti-
mum mechanical properties (especially a sustainable duc-
tility) are aimed to achieve the desired functionality and 
performance of these parts/components [6].

Generally, the microstructural features of hypoeutectic 
alloys are comprised of primary (α-Al) phase, secondary 
(eutectic) phase, and Fe-rich intermetallic compounds (Fe-
IMCs). The eutectic phase is typically modified by adding Sr 
to obtain the spheroidized shape of Si facets at an indus-
trial scale [7–9]. The sole addition of Bi is reported to be 
favorable in obtaining the modified eutectic phase [10]; 
nevertheless, the addition of Bi along with Sr exhibited the 
poisoning effect and reduced the modification effective-
ness to some extent [11]. Moreover, some other studies 
[12–15] claimed that the inclusion of La significantly modi-
fies the microstructure, mechanical, and corrosion resist-
ance properties of Al-Si alloys. Ahmad R [16] investigated 
the modification role Ce addition; whereas, Jiang et al. 

 * Liming Peng, plm616@sjtu.edu.cn | 1National Engineering Research Center of Light Alloy Net Forming and State Key Laboratory 
of Metal Matrix Composite, School of Materials Science and Engineering, Shanghai Jiao Tong University, 200240 Shanghai, P. R. China.

http://crossmark.crossref.org/dialog/?doi=10.1007/s42452-020-03919-0&domain=pdf
http://orcid.org/0000-0001-9891-9581


Vol:.(1234567890)

Research Article SN Applied Sciences (2020) 2:2086 | https://doi.org/10.1007/s42452-020-03919-0

[17] evaluated the collective effect of rare earth (La and 
Ce) elements and declared that a suitable amount of rare 
earth mixture alters almost all microstructure features and 
improves mechanical properties considerably. Besides, 
various other studies have shown promising eutectic 
phase modification results achieved by the addition of the 
rare earth elements such as Sc [18], Nd [19], and Y [20, 21].

Refined and equiaxed grains of primary phase are 
essential to enhance strength characteristics as well as to 
reduce the hot tearing, micro-porosity, and defects vul-
nerability [22–25]. Titanium (Ti) and Boron (B) containing 
binary and ternary grain refiners are in use for the indus-
trial production of Aluminum alloys since the 1950s; none-
theless, their crystallographic structure and characteristics 
revealed and discussed quite in details in 1980s [26]. The 
contribution of B in the refinement mechanism was criti-
cally assessed and explained by Guzowski et al. [27]. Later, 
McCartney [22] and O’Reilly et al. [28] shed light on the 
inoculation and nucleation mechanisms of various grain 
refiners for Al and its alloys. The most widely employed 
grain refiner at an industrial scale is an Al-5Ti-1B for Al-Si 
cast components; during solidification, dispersed  TiB2 
and  TiAl3 particles stimulate the nucleation mechanism 
by yielding equiaxed grains [25, 29, 30]. Moreover, the 
master alloy (Al-5Ti-1B) produced through electromag-
netic stirring and subsequent extrusion method possesses 
fine and uniformly distributed  TiAl3 particles, which sig-
nificantly improve the grain refinement effect [31]. How-
ever, the presence of a higher amount of Si (~ 7.5 wt. %) 
in A356/357 alloys promotes the formation of a Ti–rich 
silicide layer on these nuclei sites (regarded as the poi-
soning effect), which dramatically fades away the refine-
ment effectiveness [32–34]. Kori et al. [35] developed sev-
eral master alloys containing different ratios of Ti/B and 
claimed that the master alloy possessing a higher amount 
of B yields better refinement results. Some other studies 
proposed that the inclusion of C in Al-Ti-B master alloys 
generates the TiBC particles, which expedite the nuclea-
tion kinetics during solidification and minimize the poi-
soning effect [36–38].

Recently, Nb is identified as a promising grain refiner in 
terms of thermal and structural parameters [39]; whereas, 
Nowak et  al. [40] recognized that accumulative inclu-
sion of Nb and B considerably improved the refinement 
results. Consequently, several Al-Nb-B based grain refin-
ers particularly Al-2Nb-2B [41] and Al-2.8Nb-0.3B [42] mas-
ter alloys have been developed for hypoeutectic alloys. 
It is claimed that niobium aluminides and borides  (Al3Nb 
and  NbB2 particles) are more thermally stable, hence less 
vulnerable to form silicides resulting in the elimination of 
poisoning effect [43]. Furthermore, a binary master alloy 
(Al-3B) was proposed and claimed to be a proficient grain 
refiner for hypoeutectic alloys, which is less prone to be 

poisoned by the Si because of the absence of Ti [44–46]. 
Therefore, it can be inferred that B is an essential element 
of almost every grain refiner for hypoeutectic alloys and 
notably contributes in the grain refinement mechanism.

Regardless of some encouraging results and achieve-
ments on grain refinement, another inevitable and prob-
lematic issue is the existence of Fe (0.10 ~ 0.20 wt. %) as an 
impurity in commercially produced Al-Si cast alloys [47]. 
Usually, Fe gets included inadvertently and forms Fe-rich 
intermetallic compounds (Fe-IMCs), these intermetallics 
have ruinous effects on mechanical responses (particularly 
for ductility) because of their brittle nature and promo-
tion of porosity level [48]. The formation of Fe-IMCs mainly 
depends upon the alloy composition; the most com-
monly generated Fe-IMCs in A356/357 alloys are plate/
needle-shape β-Al5FeSi and Chinese-script π-Al8Si6Mg3Fe/
Al9Si5Mg3Fe phases [49–51]. The amount of Mg determines 
the phase and morphology of Fe-IMCs; low Mg (≤ 0.40 wt. 
%) generates β-phase while a higher Mg amount (~ 0.60 
wt. %) usually creates π-phase Fe-IMCs along with some 
β-phase as well [52, 53]. Minor additions of Be [54], Mn 
[55], and Sc [56] are reported not only to alter the mor-
phology of the Fe-IMCs but they also minimize the harm-
ful impact of these Fe-IMCs on the mechanical behavior. 
Moreover, the combinative addition of Mn and Cr is found 
more beneficial than the sole addition of Mn [57]. Inclusion 
of Er is claimed to modify the needle/plate-shape β-phase 
into small/nodular particles [58]; conversely, Colombo 
et al. [59] revealed that Er addition increases the poros-
ity fraction and results in the decrement of mechanical 
properties.

However, seldom a research work has been communi-
cated focusing on the influence of B additions on the mor-
phology of Fe-IMCs and consequently their effects in terms 
of mechanical properties. Therefore, this study is directed 
to clarify the synchronized influence of B additions on 
grain refinement and structural variations of Fe-IMCs. The 
grain refinement effects of various B (0.002 ~ 0.40 wt. %) 
additions have been analyzed along with microstructural 
characterizations of the eutectic Si phase and the morpho-
logical transformation of the Fe-IMCs. Moreover, the cor-
relation between microstructure evolution and mechani-
cal properties (especially the ductility) is discussed along 
with the identification of optimum addition level of B for 
obtaining good ductility/quality index (Q. I) values.

2  Materials and methods

To prepare Al-7.50Si-0.55 Mg (A357) alloys with different 
B amounts, an electric resistance furnace was deployed 
to melt the commercial purity Al (99.7 wt. %) within a 
graphite crucible at 720°C. Master alloy Al-10Ti, Mg, and 
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Si (both 99.9 wt. % of purity) were added upon melting 
of Al. Master alloy Al-10Sr was added as a modifier for all 
cast alloys (300 ppm Sr), while an Al-5Ti-1B (0.20 wt. %) 
included as a grain refiner (only in B-0 alloy). The addi-
tion quantities of Al-3B were set to achieve the planned 
amounts of B and it served as a grain refiner as well. After 
the addition and melting of all alloying elements, the stir-
ring was performed for 2 ~ 3 min to mix the alloying ele-
ments, degassing was done by adding a mixture of halide 
salts to remove the dissolved hydrogen from the melt, and 
then slag was skimmed. The melt was allowed to settle 
down at 724 ± 5°C for 15 min and eventually casted into 
the metallic iron mold (preheated at 220°C). The elemental 
composition analyses were accomplished through induc-
tively coupled-plasma (ICP) method and enlisted in Table 1 
along with designated cast alloys codes.

The pieces cut from the bottom side of cast parts by 
sparing 10 mm edges were heat treated at 540 ± 2°C for 
8 h and chilled in water at ambient temperature. The sche-
matic diagram and dimensions (mm) of the plate shape 
tensile sample according to the ASTM-B557 standard test-
ing method for cast Aluminum alloys along with the actual 
prepared sample are shown in Fig. 1. Tensile specimens of 
rectangular shape (15 × 3.5 × 2.2 mm) were cut from the 
solution treated pieces and isothermal aging was con-
ducted at 175 ± 1°C for 6 h. Three samples for each condi-
tion (as-cast and heat treated) were tested using Zwick 
Roell-20 kN material testing equipment using steady 
stretching speed of 1 mm/min to measure the mean and 
standard deviation values of mechanical properties.

Optical microstructures (OM) were examined through 
Zeiss Axio Observer A1 while GAIA3 GMU Model 2016 was 
utilized to accomplish the scanning electron microscopy 
(SEM), which was provisioned for energy dispersive spec-
troscopy (EDS) analysis as well. OM and SEM samples were 
prepared through abrasive grinding method and etched 
with a 3% HF solution; whereas, polarized light (color) 
images for grain size measurement were captured from 
the anodized samples in Barker solution (a diluted solu-
tion of 5 ml  HBF4 and 200 ml water) by passing 30 V DC 
for 110 s. The average values of grain size were computed 
through Linear-intercept method from 180 independ-
ent measurements of equiaxed and/or coarse dendritic 

grains using Image Pro-Plus (IPP) software. Numerical val-
ues of the eutectic Si and Fe-IMCs phases are calculated 
through IPP from OM and SEM (10 micrographs of 500 × for 
each) images, respectively. X-ray Diffraction (XRD) exami-
nations were accomplished through Rigaku Ultima-IV 
operated at 40 kV.

3  Results

3.1  Optical microstructures

Figure 2 exhibits polarized light images of the cast alloys 
and variations in their grain structures for different 
amounts of B. Figure 2a–b micrographs show that almost 
similar size grains (642 and 620 µm) are generated upon 
minor inclusions of the Al-5Ti-1B and Al-3B to achieve 
0.002 and 0.04 wt. % quantities of B for B-0 and B-1 alloys, 
respectively. Nevertheless, the grain size is reduced (up to 
530 µm) quite considerably by increasing the B amount 
(0.10 wt. %) as noticed in Fig. 2c of B-2 alloy. The addition 

Table 1  Composition analyses 
(wt. %) of Al-7.5Si-0.55 Mg 
(A357) cast alloys

Al-5Ti-1B master alloy was added (0.20 wt. %) only in B-0 alloy

Alloy Code Si Mg Ti Fe B Grain Refiner Al

B-0 7.43 0.51 0.14 0.13 0.002 Al-5Ti-1B Balance
B-1 7.45 0.52 0.15 0.15 0.04 Al-3B Balance
B-2 7.38 0.50 0.13 0.14 0.10 Al-3B Balance
B-3 7.32 0.52 0.15 0.13 0.20 Al-3B Balance
B-4 7.46 0.49 0.13 0.15 0.40 Al-3B Balance

Fig. 1  (a) Schematic diagram and dimensions (mm) of the plate 
shape tensile sample (b) cut, polished, and prepared tensile sample 
from the cast section
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of higher amounts (0.20 and 0.40 wt. %) of B for B-3 and 
B-4 alloys further decreased the average values of the 
grain size to 480 and 360 µm, respectively as depicted in 
Fig. 2d-e.

As-cast (AC) and heat treated (T6) microstructures of the 
cast alloys containing various amounts of B are displayed 
in Fig. 3a–e and Fig. 3f–j, respectively without any noticea-
ble casting defects. Some undissolved plate/needle-shape 

Fig. 2  Polarized light micrographs of A357 cast alloys: (a–e) 0.002, 0.04, 0.10, 0.20, and 0.40 wt. % additions of B designated as B-0, B-1, B-2, 
B-3, and B-4 alloys, respectively; while (f) depicts the variations in average and standard deviation values of measured grain sizes



Vol.:(0123456789)

SN Applied Sciences (2020) 2:2086 | https://doi.org/10.1007/s42452-020-03919-0 Research Article

Fig. 3  OM images of A357 
cast alloys: (a, f) 0.002, (b, g) 
0.04, (c, h) 0.10, (d, i) 0.20, 
and (e, j) 0.40 wt. % of B with 
assigned names as B-0, B-1, 
B-2, B-3, and B-4 alloys, cor-
respondingly; whereas, (a–e) 
as-cast (AC) samples and (f–j) 
after heat treatment (T6)
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phases can be observed in Fig. 3a, f of B-0 and Fig. 3b, g of 
B-1 alloys, which most probably could be Fe-IMCs [52]. It 
is quite remarkable that the morphology of these Fe-IMCs 
is altered from plate/needle-shape to complex/Chinese-
scripts whenever the B is added up to 0.10 wt. % (B-2 alloy) 
or higher (0.10 ~ 0.40 wt. %) in the AC state, as shown in 
Fig.  3c–e. However, these Chinese-scripts are broken 
down into accumulative clusters of plate/needle-like Fe-
IMCs after T6 treatment, as depicted in Fig. 3h–j. Besides, 
it can also be noticed in the optical micrographs of Fig. 3 
that the morphology of the eutectic phase (Si particles) is 
not same throughout the microstructures of all cast alloys. 
Hence the numerical (length, diameter, and aspect ratio) 
values of the eutectic Si particles have been computed 
and listed in Table 2. The measured values of the eutectic 
Si particles indicate that the higher B quantities (0.20 and 
0.40 wt. %) cause the eutectic phase to grow bigger and 
longer, especially the length is increased and diameter of 
the particles is reduced. Consequently, the higher aspect 
ratios can be noted for the increased B amounts. 

3.2  SEM observations

SEM–EDS mapping results of B-0 and B-4 alloys in the AC 
and T6 states are displayed in Fig. 4. It can be identified 
that Fe-IMCs contain Mg to some extent in the AC state 
(Fig. 4a, c) regardless of B amount; therefore, it could be 
reasonably inferred that these Fe-IMCs are primarily com-
prised of the π-Fe phase because of the existence of Mg 
[47, 51]. However, it is quite interesting to observe that the 
B is accumulated exactly in the same region where Chi-
nese-script is formed in Fig. 4c for B-4 alloy in the AC state. 
Besides, T6 treatment not only disintegrates the Chinese-
script into small disoriented plate/needle-like particles 
as depicted in Fig. 4d but also causes the simultaneous 
absorption of Mg and B into the solid solution of α-Al 
matrix, by producing the agglomerated cluster of Fe-IMCs.

3.3  XRD analyses and phase identification

Figure 5 represents the X-ray Diffraction (XRD) trend 
lines and peaks of the various phases generated in B-0 

(0.002 wt. % of B) and B-4 (possessing 0.40 wt. % of B) 
alloys both in the AC and T6 conditions. The π-Al8Si6Mg3 
Fe-phase was detected in both (B-0 and B-4) alloys in 
the AC state along with minute β-phase. Neverthe-
less,  the π-phase peaks were entirely disappeared in 
both alloys after T6 treatment as can be identified in 
Fig. 5a–b. These results comply with the SEM–EDS analy-
ses that heat treatment (T6) caused the complete disin-
tegration, dissolution (of Mg and B), and transformation 
of the π-Fe phase.

3.4  Mechanical Properties

Figure 6 exhibits the mechanical responses of the studied 
alloys (both in the AC and T6 states) with various B addi-
tions. In the AC state, the overall mechanical properties 
are not changed much by increasing B additions (Fig. 6a). 
The ductility is slightly improved (from 8.1 to 8.9%) for 
higher (0.10 ~ 0.40 wt. %) amounts of B while the ultimate 
tensile strength (UTS) values of all the alloys remained 
almost identical except a slight increment (6 ~ 10 MPa) in 
B-2 alloy. The B-0, B-1, and B-2 alloys exhibit alike values of 
yield strength (YS) for 0.002, 0.04, and 0.10 wt. % additions 
of B, respectively. Whereas, a decrement (of 7 ~ 15 MPa) in 
the yield strength values can be observed for B-3 and B-4 
alloys containing 0.20 and 0.40 wt. % of B, correspondingly. 
After T6 treatment, the (yield and ultimate tensile) strength 
characteristics of all the alloys are enhanced quite consid-
erably as compared to the AC state; whereas, the ductility 
trend showed marginal improvement for B-1 alloy (0.04 
wt. % of B) and then drastically dropped upon increasing 
the B quantities for B-2, B-3, and B-4 alloys (Fig. 6b). The YS 
and UTS values achieved by the B-0 alloy (containing 0.002 
wt. % of B) are 302 and 349 MPa, respectively along with 
5.9% of elongation. Both the ductility (6.7%) and strength 
(YS = 328 MPa and UTS = 373 MPa) values are simultane-
ously reached to the maximum level for trace addition of B 
(0.04 wt. % for B-1 alloy). The strength and elongation val-
ues started decreasing for B-2 and B-3 alloys (possessing 
0.10 and 0.20 wt. % of B); whereas, the further increment of 
B amount (0.40 wt. % for B-4 alloy) not merely reduced the 

Table 2  Quantitative 
characteristics of Si eutectic 
phase and Fe intermetallics 
after T6 treatment

Alloy Code 
(wt. % of B)

Si eutectic phase Fe intermetallics

Length (µm) Diameter (µm) Aspect Ratio Fractional Area (%) Length (µm)

B-0 (0.002) 3.44 ± 0.45 2.55 ± 0.28 1.86 ± 0.10 0.316 ± 0.051 6.98 ± 3.54
B-1 (0.04) 3.11 ± 0.37 2.38 ± 0.34 1.74 ± 0.15 0.337 ± 0.034 6.73 ± 3.38
B-2 (0.10) 3.35 ± 0.41 2.41 ± 0.37 1.94 ± 0.14 0.342 ± 0.039 6.86 ± 3.21
B-3 (0.20) 3.65 ± 0.46 2.54 ± 0.32 2.01 ± 0.13 0.362 ± 0.047 6.47 ± 3.25
B-4 (0.40) 3.72 ± 0.53 2.21 ± 0.42 2.25 ± 0.16 0.353 ± 0.054 6.68 ± 3.72
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ductility from 6.7 to 1.8% but also decreased the strength 
properties (to YS = 297 MPa and UTS = 327 MPa) as com-
pared to the B-1 alloy.

According to the literature [60], a customized qual-
ity index (Q. I = YS0.2%off + 50 × % elongation)  has been 

designed to assess the overall mechanical response of 
the A356/357 cast alloys, the Q. I values of T6 samples are 
measured accordingly and plotted in Fig. 6c. Additionally, 
the trends of the grain size, elongation, and Q. I values 
are sketched together against various B additions (from 

Fig. 4  SEM–EDS analyses of A357 cast alloys: (a–b) 0.002 and (c–d) 
0.40 wt. % of B additions with assigned names as B-0 and B-4 alloys, 
respectively; (a, c) are in  the AC states, while (b, d) are T6 treated 
samples. Note: The other alloys results are not included because 

of the comparable morphologies of Fe-IMCs such as B-1 is similar 
to B-0 (plate/needle-shape) while B-2 and B-3 are identical to B-4 
(Chinese-scripts) as depicted in Fig. 3
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Fig. 5  XRD analyses of A357 cast alloys: (a) B-0 alloy having 0.002 wt. % of B addition in the AC and T6 states (b) B-4 alloy containing 0.40 wt. 
% of B in the AC and T6 conditions

Fig. 6  Strength characteristics and graphical trends of various properties: (a–b) tensile results in the AC and T6 conditions, respectively; (c) 
measured values of quality index in T6 state (d) combined view of properties (grain size, elongation, and quality index plots)
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0.002 to 0.40 wt. %) in Fig. 6d. It can easily be identified 
that all properties trend lines express identical projections 
and tendencies, which means they are inclined towards 
improving modes for the trace B addition and declining 
trends for higher B additions.

3.5  Fracture behavior

Figure 7 exhibits the microstructures of fractured surfaces 
of tensile samples. The fractured surfaces micrographs dis-
played in Fig. 7a–b of B-1 alloy (0.04 wt. % of B) indicate 
uniformly distributed dimples with least cleavage planes. 
Although, the grain size of B-1 alloy is quite larger; never-
theless, it still exhibits superior tensile properties due to 
the presence of the small dispersive plate/needle-type Fe-
IMCs along with the finest eutectic Si phase characteristics 
(Table 2). Irrespective of the smallest grain size of B-4 alloy 
(0.40 wt. % of B), an intergranular fracture can be observed 
in Fig. 7c–d representing the brittle nature of the alloy due 
to the presence of the agglomerated particles of Fe-IMCs 

near the breaking line. It gives a suitable elucidation of the 
lower ductility value of B-4 alloy.

4  Discussion

The graphical trend in Fig. 2f depicts that the average grain 
size values are dropped inversely in accordance with the 
added quantities of B. The grain size is decreased up to 
360 µm by supplementing the B quantity up to 0.40 wt. % 
(B-4 alloy), which represents 44% smaller grains as com-
pared to B-0 alloy. Previous studies [44, 45, 61] have also 
tested and verified the effectiveness of grain refinement 
potency of B (Al-3B); they reported that the absence of Ti 
and its silicides contribute significantly to the achievement 
of better and sustainable refinement results for extended 
holding times.

Two different (needle-like and Chinese-script) types 
of undissolved particles are observed in Fig. 3. Detailed 
studies suggest that the large Chinese-scripts Fe-IMCs 
are typically produced in A357 alloy due to the presence 
of an excess amount of Mg [50] while less Mg amount 

Fig. 7  Microstructures of 
fractured tensile samples: (a–b) 
B-1 alloy with 0.04 wt. % of B 
addition and (c–d) B-4 alloy 
containing 0.40 wt. % of B; 
both alloys are in T6 conditions
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generates needle/plate-like Fe-IMCs in A356 [53]. How-
ever, only plate-like (π-Fe) phases are observed in B-0/B-1 
alloys as exhibited in Fig. 3(a-b) in this work, although all 
five alloys contain similar amounts of Mg (~ 0.50 wt. %) 
as listed in Table 1. Usually, the β and π-Fe phases are 
produced as plate-like and Chinese-script morphologies, 
respectively during the solidification [47]. Nevertheless, 
Santos [62] and Caceres [52] revealed that Sr modifica-
tion of A356/357 alloy poisons the β-Fe phase nuclea-
tion sites and promotes the formation of the π-Fe phase 
as plate-like morphologies. Therefore, it is quite logical 
that the π-Fe phase in B-0 and B-1 alloys appeared as 
plate/needle-like morphologies due to the Sr modifica-
tion. However, the π-Fe phase is transformed from plate/
needle-shape to Chinese-script morphologies in B-2, B-3, 
and B4 alloys (for higher B additions), even though the 
Sr contents are still same in these alloys.

Chen et al. [45] investigated the in depth refinement 
mechanism of B and advocated that a momentary film of the 
 SiB6 is generated at the interface of Al and  AlB2, which lim-
its the crystallographic disparity by restricting the further 
growth of the α-Al phase. This layer  (SiB6) is created for short 
period during solidification and dissolves quickly by releas-
ing Si and B. As the π-Fe phase is generated through quater-
nary (last) reaction during solidification [49]; the released B 
after the dissolution of the  SiB6 layer slows down the eutectic 
reaction, which provides more settlement time for Fe parti-
cles to accumulate in the eutectic cell boundaries to form 
complex-shape Chinese-script morphologies.

The increased numerical (aspect ratio and length) val-
ues of the eutectic phase in Table 2 for higher B additions 
provide a reasonable evidence of the decelerated eutectic 
reaction. Due to less solubility of B in liquidus Al, the liber-
ated B during the refinement process is gathered around 
the π-Fe (possessing Mg) phase due to its potential ten-
dency to form  MgB2 by reacting with Mg [63]; which is a 
fair justification of B accumulation around the Chinese-
script Fe-IMCs region as observed in Fig. 4c. Therefore, it 
can be deduced that higher B amounts (0.10 ~ 0.40 wt. 
%) promoted the morphological transformation of plate-
like Fe-IMCs into Chinese-scripts in the AC state but after 
T6 treatment they had changed again into plate/needle-
shapes by creating regional clusters of Fe IMCs.

Wu et al. [53] reported the partial transformation of 
the π-phase after T6 treatment; conversely, Taylor [50] 
argued that that the complete transformation of the 
π-Fe into the β-Fe phase occurs after heat-treatment 
and the current study reasonably agrees with the later 
claim. However, XRD observations (Fig. 5b) did not show 
any clear additional peak/evidence of the β-phase gen-
eration after T6 treatment. Consequently, it is extremely 
hard to claim with surety that these π-phase Chinese-
script morphologies are transformed to which phase 

(either β or π-phase) after heat treatment, suggesting 
that this may still be unrevealed transformation demand-
ing a further investigation in the future.

Generally, the refined grains are beneficial to the 
ductility improvement; however, the decrement in the 
ductility values is not agreeing with the monotonically 
declining trend of the grain size in accordance with B 
additions. As the heat treatment causes the reduction 
and disintegration of the π-Fe phase (Chinese-script 
morphologies), hence these clustered regions of Fe-
IMCs (Fig. 3h-j and Fig. 4d) generate stress concentra-
tion (weak) areas (Fig. 7d), which lead to the premature 
crack initiation by deteriorating the ductility. Contrarily; 
despite of the relatively larger grains, the tensile prop-
erties (in particular ductility) reach their maximum val-
ues for small B (0.04 wt. %) addition. Because B-1 alloy 
contains dispersive plate-like Fe-IMCs as well as the fin-
est eutectic Si phase characteristics (Table 2). A trans-
granular fracture mechanism with uniformly distributed 
circular dimples (Fig. 7a) provides a fair reason for the 
enhanced ductility. The fractographic observations are 
fairly aligned with the microstructural observations and 
tensile results, which provide a rational interpretation of 
the ductility variations.

5  Conclusions

In accordance with the presented results and discussion, 
it may be deduced that the addition of B is an extremely 
critical factor for A357 cast alloy and the findings can be 
summed up as follow;

1. Minor B (0.04 wt. % through Al-3B) addition produces 
a comparable grain refinement effect as created by 
commercial grain refiner Al-5Ti-1B (by adjusting 0.002 
wt. % of B addition). Although, the higher amounts 
(0.10 ~ 0.40 wt. %) of B appreciably decreased the grain 
size; meanwhile, the π-Fe phase is transformed from 
plate/needle-like into Chinese-script morphologies.

2. These Chinese-script morphologies are less influential 
on mechanical properties in the AC state; however, 
they are reduced and disintegrated into clusters of Fe 
particles after T6 treatment.

3. These agglomerated regions of Fe-IMCs act as weak 
points during the tensile loading and significantly dam-
age the ductility to a considerable extent (about 73% 
decrement was observed). Therefore, extreme care is 
required while developing B containing grain refiners 
at an industrial scale because of the deleterious influ-
ence of higher B amounts in terms of Fe-IMCs and their 
consequent role in deteriorating the ductility values.
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