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Abstract 
Bulk metallic glass matrix composites (BMGMC) are unique materials of fu-
ture having excellent mechanical properties (such as high hardness, strength 
and profound elastic strain limit). However, they exhibit poor ductility and 
suffer from catastrophic failure on the application of force. The reasons be-
hind this are still not very well understood. In this study, an effort has been 
made to overcome this pitfall by solidification processing. Zr based BMGMCs 
are produced in the form of “as cast” wedges using vacuum arc melting and 
suction casting button furnace. The idea is to study the effect of cooling rate 
and inoculation on formability during solidification. Adjustment, manipula-
tion and proper control of processing parameters are observed to reflect upon 
the quality of ingots such as improved castability, proper mold filling and de-
fect free casting as characterized by NDT. Further, thermal analysis, optical 
microscopy and hardness measurement confirmed the formation and evolu-
tion of in-situ composite structure. This is first footprint of pathway towards 
sustainable manufacturing of these alloys in future. 
 
Keywords 
BMGMC, as Cast, Dendrite, Ingot, Toughness 

 

1. Introduction 

Bulk metallic glass matrix composites have attracted the attention of scientific 
community lately due to their unique and superior mechanical properties which 
include high hardness, associated high strength and very high elastic strain limit 
which make them suitable for applications which require shook energy absorp-
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tion for a very short transient period of time (e.g. whipple shield of space shuttle 
[1], spacecraft shielding [2] and whipple shield of International Space Station 
(ISS) [1]-[7]). They are potential candidates for parts of high speed moving aero 
structures which may come in contact with high speed projectiles (such as 
meteors, space debris and reentry targets) and wear resistant surfaces both in-
volving static (sliding surfaces [8] [9] [10] [11]) and dynamic (gears [12] [13]) 
load applications. Further, low density, high specific strength and excellent cor-
rosion resistance in their Ti based versions make them a strong candidate for 
future aerospace applications [14] [15]. However, some of their variants have 
very poor glass forming ability (GFA) (Al based BMGMCs) and high brittleness 
(Mg based BMGMCs). Overall, due to presence of glassy structure which im-
parts strength and hardness, they also become brittle with exhibition of plasticity 
thus it is very difficult to make complex shape components from them [16] [17]. 
They undergo catastrophic failure in milliseconds by rapid movement of shear 
bands [18] [19] [20] which move at a high speed throughout volume of material 
in some cases producing heat [21]-[25]. Mainly, two mechanisms are proposed 
to counter this namely ex-situ [26] [27] or in-situ [28] [29] introduction of for-
eign objects/particles/precipitates during liquid state (solidification) or solid 
state (devitrification [30] [31]) processing. The strengthening mechanism by 
which this happens is corroborated to shear band pinning [32] [33] [34] [35], 
multiplication [36] [37] [38], size reduction [39] [40] [41], and precipitation 
hardening [42]-[47]. Various techniques have been proposed to achieve this 
such as powder processing [48] [49], fluxing [50] [51] [52], solid state processing 
[53], semi-solid processing [54], twin roll casting (TRC) [55] [56], thermoplastic 
forming (TPF) [57] [58], blow molding/forming [59] [60] and superplastic 
forming [61] which may serve the purpose of producing strong and tough ma-
terial [62] [63] [64] but vacuum arc melting (VAM) and suction casting remains 
as the major method for most of production of these alloys in the world. It relies 
on melting a certain precursor of alloying elements in vacuum arc melting 
(VRM) furnace and then drawing molten melt in a water cooled Cu mold 
(length/diameter > 1) under the action of pressure difference causing a suction 
effect thus producing rod shape specimens. First successful study describing 
in-situ introduction of primary phase ductile precipitates nucleating in the form 
of three dimensional dendrites out of melt was reported by Prof. Johnson’s 
group at Caltech in 2000 [28] in which they introduced B2 CuZr phase in Zr 
based BMGMC during solidification spread all across volume of specimen. This 
was a major discovery of that time. The largest rod reported till date by this me-
thod is 85 mm in length and 80 mm in diameter produced in the group of Prof. 
Inoue at WPI-IMR, Tohoko University, Japan [65]. Exact mechanism by which 
this happens is not well understood and there is dearth of knowledge about how 
second phase particles nucleate from melt during solidification. Various efforts 
covering both theoretical (modeling and simulation) and experimental fronts 
have been made to understand and describe the nucleation and growth pheno-
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mena in these alloys during solidification. These include use of levitation (elec-
trostatic levitation (ESL) [66] [67]/aerodynamic levitation (ADL)) experiments 
in Synchrotron light [68] [69] [70], micro and zero gravity solidification [5] and 
advanced modeling and simulation proprietary platforms COMSOL®, Ansys®, 
Dessault Systems (DSS) Solidworks®, ABAQUS®, ProCast® (ESI Group), Magma 
flow® and Flow3D® (LANL). However, no study has been carried out which in-
cludes the use of wedge shape castings with potent inoculants to study the effect 
of cooling rate and inoculation on microstructure evolution in BMGMCs. This 
study aims to bridge this gap. Series of experiments were carried out to cast 
small BMGMCs wedges from Cu mold suction casting after vacuum arc melting 
without and with varying percentages of inoculants. First aim was to determine 
the effectiveness of 1) “cooling rate” to assist the formation of glassy structure 
and 2) “potent inoculants” to help provide seed for nucleation in rapidly cast al-
loys. Both mechanisms are meant to be tailored to such an extent that BMGMCs 
with superior ductility can be manufactured detailing their effective ‘safe struc-
tural design limit’ for practical industrial applications. The second aim of study 
was to understand the volume which may contain fully vitrified structure (100% 
glass), partially vitrified glass [21] [43] [71], and no glass (100% crystallization) 
zones by virtue of measurement of volume fraction (number density (dc)), size 
and distribution of ductile phase (B2 or β-Zr) in that particular region. Keeping 
alloying elements constant; amount, number density, size, distribution and type 
of ductile phase (grains) change with change of section thickness [72]. The same 
phenomenon is observed in liquid melt pool of additively manufactured com-
ponents in various layers. Thus, this study is meant to provide a platform for 
developing production strategies for manufacturing of BMGMC components 
using Additive Manufacturing (AM). Last but not least aim was to determine the 
processing window of casting parameters which can ascertain a chemical com-
position for a certain dimension that yield superior casting properties (avoiding 
miss runs, improper filling, low fluidity, poor castability, super heat, porosity, 
laps, surface cracking and shrinkage). 

2. Experimental—Manufacturing Procedure 

Zr based bulk metallic glass matrix composites (BMGMC) are produced using 
vacuum arc melting (VRM) and Cu mold suction casting furnace. This is typical 
button furnace used to produce small casted ingots in the form of buttons using 
very small charge. It consists of a high pressure chamber which houses chilled 
water cooled Cu hearth and an electrode which is used to produce arc as a result 
of its contact (make and break) with strike piece at hearth for a very short period 
of time. Intensity of arc and hence temperature generated can be controlled by 
frequency of transformer unit at the back end. In principle, it is medium fre-
quency welding transformer which is responsible for generation of arc. Con-
struction of chamber consists of double wall jacketed body with circulating wa-
ter in it which serves the purpose of heat sink. Heat generated from arcing at 
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hearth is extracted by circulating chilled water. A temperature sensor triggers a 
shutdown alarm and activates switch which disconnects power to furnace if wa-
ter temperature goes beyond 8˚C. Whole chamber can be lifted with the help of 
hydraulic jack connected to body via a manual ram. The furnace chamber body 
is also supplied with two viewing windows carrying high temperature infrared 
glass for observation inside chamber. This high temperature resistant opaque 
glass is free to slide in and out of small rectangular slot. This slot is also equipped 
with motion sensor which again shutdown the power to furnace if protecting 
glass is removed during the process or not at all inserted at initial stage. Both 
safety features enable protection of personal and surroundings and ensure 
smooth operation of furnace. Vacuum is caused by operation of small rotary 
vane pump connected to main melting chamber. It can generate a vacuum up to 
10-3 mbar. A gas port serves the purpose of injection of Argon to chamber when 
needed. Furnace is loaded with small charge into a horizontal slot in the hearth 
and is closed for rough vacuum. After evacuation, chamber is filled with Argon 
to remove any air in it. Oxygen in air tends to adsorb on Ar and is meant to be 
sucked away during next evacuation cycle. This evacuation and purging cycle is 
repeated six times to ensure near absolute vacuum. After last evacuation, cham-
ber is filled with 12 mbar of Ar overpressure. Melting process is carried out un-
der this overpressure as arc cannot be established and stabilized in absolute va-
cuum. After melting, which lasts for few minutes depending upon charge, ingot 
is sucked from top of oval shape chute to wedge shape Cu mold by instantane-
ous opening of bleeding valve connected with main evacuation line. This process 
lasts for very short time during which casting solidifies in mold cavity. Advan-
tages of process include; it is very cheap process, raw material, running and 
maintenance costs are low, it is reproducible and clean process. Disadvantages 
are; its batch process, its time consuming (long pumping cycle), pumping 
process is not very efficient, limited by raw material type (mostly powder), 
mostly it is manual process with no automation and quality of casting varies 
with skill of operator. Process flow diagram of whole setup is schematically 
shown in Figure 1. 

3. Results and Discussion 

Physical, chemical and thermal analyses are performed on castings produced. 
These are described one by one as under. 

3.1. Visual Inspection 

First of all, wedge shape castings are visually inspected for quality purpose. A 
general criterion defined in ASTM A802/A802M - 95/AS 3978 - 2003 is used for 
this purpose. Acceptance levels for surface texture, non-metallic inclusions, and 
gas porosity and solidification discontinuities are used. General visual inspec-
tion details as observed on different samples is depicted in figures (Figures 
2(a)-(f)).  

Figure 2(a) is picture of first casted wedge. It is Zr47.5Cu45.5Al8Co2 alloy. As can  
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Figure 1. Schematic flow diagram of vacuum arc melting (VAM) and suction casting 
unit. 
 

 
(a)                                      (b) 

 
(c)                                      (d) 

 
(e)                                      (f) 

Figure 2. Pictures of different cast wedges of Zr based BMGMC made from vacuum arc 
melting and Cu mold suction casting. (a) Zr47.5Cu45.5Al5Co2 alloy without inoculants (miss 
run); (b) Zr47.5Cu45.5Al5Co2 without inoculants (proper riser); (c) Zr47.5Cu45.5Al5Co2 with-
out inoculants (another view); (d) Zr65Cu15Al10Ni10without inoculants; (e)  
Zr47.5Cu45.5Al5Co2 (with 0.25 wt.% inoculant 1); (f) Zr47.5Cu45.5Al5Co2 (with 0.50 wt.% in-
oculant 1). 
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be seen that it is defective part with improper filling also known as miss run. 
This type of defect result from insufficient super heat to liquid metal which does 
not provide enough fluidity required for casting a sound part. It can also result 
from insufficient metal as a whole. That is, not enough metal was available to 
feed the casting geometry and provide any riser to compensate for shrinkage on 
top. Thus a misrun occurred. This casting is also accompanied by very rough/ 
poor surface finish which accounts for improper use of mold coatings or too 
cold mold surface which causes a surface (skin) chill while rest of metal still re-
mains to be filled. They severely affect part performance and mainly are major 
reasons of rejections. Figure 2(b) shows another wedge casting of same 
Zr47.5Cu45.5Al8Co2 alloy made in water cooled Cu mold. This is much better cast-
ing. Defects present previously are almost eliminated and a good surface finish is 
obtained as well. No mold coatings are used indicating that only proper control 
of metal temperature (super heat) and providing enough material at top can re-
sult in production of good quality sound casting. Figure 2(c) is another view of 
same casting indicating its high quality and good dimensional accuracy. A but-
ton shape piece placed alongside wedge is riser which is cut from top portion of 
wedge. It is made from purposefully supplied excess material to account for any 
shrinkage and feed the wedge shape casting beneath. Shine of cut surface is also 
indicative that a good quality casting is produced free from casting defects such 
as porosity, pinholes and gas holes. It is also a measure of good vacuum and 
processing conditions in chamber. Shine at the tip region of wedge is also qualit-
ative visual indicative of formation of glassy structure (which will be verified lat-
er by DSC). A small metal piece is cut from tip to make specimen for differential 
scanning calorimetry (DSC) and inductively coupled plasma (ICP) analysis. Cut 
made was neat and clean without any burr, chip or edge loss which again is in-
dication of good casting quality. Figure 2(d) is picture of second hypoeutectic 
alloy Zr65Cu15Al10Ni10 casted without inoculants. Again, good quality of casting 
can be seen and is attributed to good processing conditions, their careful control 
and good casting design (i.e. enough liquid metal at top to feed casting beneath 
to counter casting shrinkage). A small dimple on the riser is formed as a result of 
shrinkage and is indicative of good fluidity of this alloy as compared to previous 
one. This also helps in feeding shrinkage defect and removal of casting inhomo-
geneities. This wedge is shinier than previous eutectic alloy which again is due to 
the fact that good control of casting conditions result in the formation of sound 
casting and inherent fluidity of alloy contributes well to this. A small portion is 
removed again from tip region for microstructural and DSC analysis. This tip is 
mounted in epoxy resin with cut surface down to observe features evolved dur-
ing solidification of casting. Finally, Figure 2(e) and Figure 2(f) are of wedges 
casted with 0.25 wt.% and 0.5 wt.% inoculant 1 in eutectic Zr47.5Cu45.5Al8Co2 sys-
tem. As can be seen and was expected, the quality of casting deteriorated with 
the addition of inoculants. While the effect of inoculants in changing the num-
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ber density, size and distribution of ductile phase will become evident in later 
study aimed at microstructural investigation. Overall macro structural features 
of casting are severely hampered by inoculation treatment. Casting fluidity se-
verely decreases which result in development of surface roughness and this 
roughness increase as percentage of inoculants increase (Figure 2(e) and Figure 
2(f)). The effect becomes severely evident at higher percentage and even miss 
run occurred in casting with 0.5 wt. % inoculants. This is attributed to inherent 
ability of inoculants to increase the sluggishness of already sluggish eutectic sys-
tem by acting as medium to disrupt the forces by which atoms or molecules in-
teract in liquid melt of alloy. In worst case scenario, they may remain suspended 
as foreign objects in melt contributing towards overall increase of resistance to 
flow. This effect must be avoided at all costs to get good quality castings [73]. 
Although, edge to edge matching (E2EM) [74] [75] study was conducted to se-
lect potent nuclei, this is based on solid state crystallography and does not take 
into account the transport phenomena involved in liquid state processing which 
is the main reason for increase of viscosity. Even increase in super heat to cater 
for this decrease in fluidity does not appreciably change the flow behavior of al-
loy. Shrinkage at top of riser also disappear indicating decrease in fluidity [76]. 
Foreign particles may have created an effect in which alloy tend to stick to wall 
of container rather than flow alongside it. Surface tension of alloy also appears to 
have been affected by this anomaly. However, brittleness of alloy at tip appears 
to decrease a lot as a result of this treatment. This was observed while cutting 
small portions from tip region of “as cast” wedge samples with inoculants. 
Though rough in shape, it became easy to cut the alloy as the percentage of in-
oculants increase. This is positive and encouraging result and is indicative of the 
effectiveness of inoculation treatment. However, its further investigation and va-
lidation by proper metallographic and microscopic studies is pending. In gener-
al, suppressed kinetics and deep undercooling is observed at tip region while ap-
preciable kinetics is responsible for phase formation and evolution in wider por-
tion of wedge. This trend is appreciably affected by inoculation treatment which 
will be described in detail in later section (Section 3.2). 

3.2. Microstructural Explanation 

As reported previously [72], three types of grain are observed in thin section 
castings resembling tip region of wedge shape castings. These are namely a) 
mold surface grains, b) equiaxed grains and c) intermediate grains. They are ex-
plained in more detail as follows; First category consists of grains that form at or 
very near to mold wall. They are the product of very rapid rate of heat transfer 
[77] [78] [79] at mold wall surface thus their growth is suppressed resulting 
small grain having only one primary dendrite. Typically, only trunk is observed 
in very thin sections having thickness < 10 mm. Second set of grains are formed 
as a result of heterogeneous nucleation in the bulk of liquid. They experience 
relatively slow rate of cooling as compared to previous category and since they 
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are formed in the bulk, they are mostly equiaxed. They consist of small to me-
dium size grains spread evenly in the matrix. Most of their growth occurs under 
steady state heat transfer conditions where heat consumed (endothermic reac-
tion) from phase transformation is compensated by heat supplied from pouring 
hot liquid metal. The third category is a set off grains which are formed “be-
tween first category and equiaxed” or “between first category and center of cast-
ing”. They predominantly have two types of morphologies; namely smaller than 
equiaxed or more elongated than equiaxed (along one axis). Schematically they 
are shown in Figures 3(a)-(c). 

They are formed as a result of somewhat intermediate transient heat transfer 
conditions. These conditions are based on fluctuating rate of heat transfer in 
different section of the castings thus their morphology and shape also varies. A 
typical grain structure profile across wedge is shown in Figure 4(a) obtained 
with digital microscope with Z stacking after mild HF etching. The region iden-
tified on the basis of grain structure and morphology observed are schematically 
described in Figure 4(b). 

3.3. Chemical Analysis (Inductively Coupled Plasma (ICP)  
Analysis) 

For the purpose of verifying casting quality and counter checking charge calcu-
lations, chemical composition of final cast wedge was carried out with induc-
tively coupled plasma—optical emission spectroscopy (ICP-OES) analysis. Sam-
ples were prepared by accurately weighing and digesting 0.1 gram of alloy in a 
mixture of 1ml 48% HF, 2 ml 69% HNO3 and 3ml of high purity (Milli-Q) water 
in Teflon beakers with gentle warming on a hot plate. Once the reaction has 
ceased, 8 ml of 4% Boric acid solution was added to complex any residual HF. 
Once the solutions had cooled to room temperature, they were made up to 10 ml 
in volumetric flasks with Milli-Q water and analyzed by Varian 730-ES axial 
ICP-OES. Certified multi element solutions were used to check the accuracy of 
the calibration standards used and the method adopted. Results are tabulated in 
below table (Table 1) for different samples. 

It is quite clear that resultant compositions after analysis are very near to 
 

 
(a)                           (b)                          (c) 

Figure 3. Different morphologies of grains formed during solidification in wedge castings 
(a) equiaxed grains (form in the bulk as a result of heterogeneous nucleation); (b) smaller 
than equiaxed; (c) elongated than equiaxed (along one axis). 
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Figure 4. (a) Digital optical micrograph of wedge tip (Zr47.5Cu45.5Al8Co2) after HF etching 
with Z stacking (obtained with Leica® digital DVM microscope); (b) Schematic of grain 
type distribution. 
 
Table 1. ICP analysis of Zr based BMGMCs. 

Sr. No. Sample name Al (wt.%) Co (wt.%) Ni (wt.%) Cu (wt.%) Zr (wt.%) 

1 Reference (aim) 1.8 1.576 0 38.66 57.9 

2 Zr47.5Cu45.5Al8Co2 1.79 1.76 0 41.8 55.2 

3 Zr47.5Cu45.5Al8Co2 1.9 1.59 0 39.3 55.5 

4 Reference (aim) 3.479 0 5.29 14.75 76.47 

5 Zr65Cu15Al10Ni10 3.27 0 5.55 16.3 74.3 

 
aimed values which indicate good process control and consistency of operation. 
The results in case of hypoeutectic alloys are not very well in agreement with 
aimed values. This happened due to slight malfunctioning of machine on test 
day, leak in vacuum or vaporization of high vapor pressure elements. Increase in 
Cu and Ni content is however due to either ICP-OES error or over calculations 
of charge which were done based on experience and to cater the volatility of Al 
and Ni but gave erroneous results. Still, these are within range of experimental 
error. 

3.4. Nondestructive Testing (NDT) 

Conventional nondestructive (NDT) testing techniques such as radiography and 
dye penetrant testing (DPT) are performed on wedge shape castings to deter-
mine surface, subsurface and internal defects, structural and chemical 
in-homogeneities and surface features. These are explained in detail below. 
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3.4.1. Radiography 
Radiography is one of the oldest and well established techniques to determine 
surface, subsurface and internal defects. Its use is very well documented and is a 
very good estimate of casting quality and homogeneity. In general radiography is 
very well suited to determine hairline cracks, center line cracks, scabs, fissures, 
misrun, inclusions, segregation and hot tears. They image the defective area on a 
photographic plate as a result of exposure of sample to X-rays. The areas high in 
density (well casted dense metal) absorb more X rays and transmit less thus ap-
pear white and vice versa. This feature can be effectively used to identify a range 
of casting defects [73] [76]. ASTM Method E1742/E1742M-12 is used for carry-
ing out radiography on wedge shape castings. Rigaku 140 KV X-ray source was 
used for 5 and 50 seconds. The standoff distance (i.e. source to film distance) is 
kept at 750 mm. ASTM Image Quality Indicator (IQI) IA6 are used and Pb 
screen was used as imaging film. Individual casting was separately exposed and 
different features were observed. These are explained in detail below. 

These pictures clearly show different types of defects in individual wedges. 
Castings of Zr47.5Cu45.5Al8Co2 (Figure 5(a) and Figure 5(b)) have clear demarca-
tions. Figure 5(a) indicates dense and less dense inclusions by virtue of less and 
dense regions in the casting which arise from bad melting practice, improper  
 

 
(a)                           (b)                         (c) 

   
(d)                                (e) 

Figure 5. (a)-(e) Radiography examination of “as cast” Zr based BMGMCs. 
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vacuum in the chamber, poor control of experiment, improper homogeneity, 
oxidation and improper control of melt temperature or improper control of suc-
tion pressure. All or any of these parameters create a chemical and/or physical 
barrier which cause the formation of unwanted/unmelted particles in the system 
and they float to top/disperse into different regions (segregation) of castings 
which cause appreciable decrease in fracture toughness of material. However, it 
is hopeful and good news that these inclusions form only at or near top of cast-
ing. This is indication of good control of casting process as complete melting 
occurred and it forced the foreign/unmelted particles to gather only in regions 
which later can be easily removed by machining. Figure 5(b) also indicates 
dense inclusions and possible air lock caused by entrapment of air during casting 
(suction). This air may have formed as a result of quick incipient reaction be-
tween constituents of alloy, reaction between alloy and any dirt/grease on mold 
wall or by small leak in vacuum which may become visible during suction and 
sucks the air into permanent mold cavity and where it gets stuck in liquid metal 
and become part of it. Care should be taken to avoid this. Possible means of 
doing these include; 1) proper cleaning and degreasing of mold surface prior to 
inserting in the chamber 2) use of mold coatings (scavengers) which preferen-
tially react with oxygen to form compounds (oxides) which may float on the ris-
er during solidification and later can be removed and/or 3) mold heating to a 
temperature slightly above boiling point of water and preferably above boiling 
point of known organics in foundry. This ensures removal of water, unwanted 
dirt, grease, volatiles in the form of gas which can be sucked out of vacuum 
chamber prior pouring. This usually is not the very easy method to adopt from 
practical point of view because it is very difficult to insert heating mechanism in 
such small wedge shape mold but still is most effective and widely used approach 
in large molds [77]. Figure 5(c) is the best of casting produced and examined. It 
is Zr65Cu15Al10Ni10 alloy which is known to have better fluidity than its eutectic 
counterpart. Thus, it forms the best wedge observed and examined by radiogra-
phy so far. Nearly no defect is observed and as will be observed in dye penetrant 
testing (next section), it is almost defect free casting. Only minor dense inclu-
sions are seen in radiograph which is attributed again to reasons just mentioned. 
Most likely, they are external foreign dirt stuck to wall of mold; remain in 
chamber or unmelted powder from charge (raw material) which got dispersed 
into chamber and mold cavity during arcing and then float to top during casting. 
Figure 5(d) is Zr47.5Cu45.5Al8Co2 with 0.25 wt.% of inoculant A. As expected, af-
ter the addition of external particles (inoculants) the casting properties of alloy 
are severely affected. It became more sluggish and hard to flow which severely 
hampers its castability. Cracks, gas porosity and shrinkage are observed in radi-
ograph. These are typical defects which are formed once an alloy loses its fluidi-
ty. One of possible reasons of cracking is misrun. That is alloy was never able to 
attain enough velocity and fluidity to cause 100% mold fill. Its gets solidified in 
the form of thin skin along the wall of mold very quickly before its two fronts 
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(one coming from top to bottom and other from bottom to top) can meet. A 
misrun is extremely bad and usually reported as 100% rejection. Strategies to 
avoid this again are mold heating or suppressants of viscosity which retard the 
formation of thick constituents and promote increase of fluidity. Cracks are 
possible off shoot of misrun. These primarily form as result of difference of 
temperature in different parts of casting. That is a region of casting get solidifies 
very quickly as compared to other and a stress is created which when reaches 
yield strength of material and crosses it, results in cracking. This again should be 
avoided by proper mold design, section thickness of casting, and avoidance of 
sharp corners, bulges and turns. In our case, these were inevitable as the section 
thickness was deliberately changed thus generation of stresses is eminent. Only 
their effect can be minimized by proper control of casting process and or alloy 
handling. Shrinkage is another big problem in castings. Like others, it also oc-
curred in our wedges and result in small dimple on top of mold. However, its ef-
fect was not that harmful as its effect was taken care of from lesson learned by 
first casting. That is, a proper well designed riser and ingate combination was 
introduced on top of casting. Thus, even if there occurs a shrinkage, there is al-
ways enough metal available at the top which could feed volume decrease below. 
Its effect is more detrimental in large castings where proper gating and riser de-
sign procedures should be adopted and applied [76]. These defects become more 
prominent and visible as the weight percentage of inoculant particles is in-
creased (Figure 5(e) (05 wt.% inoculants)). This is interesting phenomena as it 
is not known whether there exists a threshold till which an inoculant be added to 
get superior properties and beyond which properties will decrease. More re-
search is need in his area and proper statics method should be applied to predict 
material properties and performance (It is part of present project and its out-
comes will be described in a later study). 

3.4.2. Dye Penetrant Test (DPT) 
Dye penetrant testing/Liquid penetrant testing is another nondestructive me-
thod which was selected for alloy castings because of its ease of usage, well estab-
lished procedures and standards, reproducibility, remoteness, quick, recyclability 
and physical nature. In addition to this, it can be safely applied to nonferrous 
metals and alloys which is part of my studies. It is not harmful to human and no 
serious hazard is associated with its application. It is also very robust and de-
tailed for surface and intricate defects. ASTM E 1417 was adopted as reference 
and qualification standard. Procedure involve spreading a fluorescent dye on the 
clean (dirt and grease free) surface of metal piece followed by part observation 
under a UV light. 

Fluorescent material applied to surface of casting are very sensitive to Ultra-
violet (UV) light as the casting wedge is exposed to UV light in dark room a 
glowing pattern indicating the presence of surface discontinuities appear. The 
sharpness of this pattern depend on 1) fluorescent material used 2) nature, type, 
size and age of UV lamp/torch, 3) exposure time after application of dye 4) time 
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between application of dye and exposure and 5) amount of florescent material 
applied. This is well defined in ASTM E 1417 and care must be taken to adopt it 
and operator/inspector must adhere to it. Figure 6(c) and Figure 6(g) are 
Zr47.5Cu45.5Al8Co2 alloy without inoculants. Typically, it can be seen that a lot of 
defects exist in the casting. These include surface cavity, poor feed, misrun and 
premature cooling (skin solidification). The pattern however, changes signifi-
cantly in second experiment. As observable, sample is much more homogeneous 
and dense. Surface discontinuities and major defects are no more observed. Only 
slight linear discontinuities are observed at tip and wider part of wedge where it 
is cut from riser. It is envisaged that these linear discontinuities are not casting 
defects but effect of thermal stresses remnant in material as it is cut from these 
places for making sample for DSC and removal of riser head. This fact is verified 
by position of their occurrence and prior treatment history which is very evident 
to confirm their occurrence. Defects are further removed at all and completely 
disappear in third casting which consists of Zr65Cu15Al10Co10 without inoculants. 
As expected, observed earlier in radiography and discussed, its reasons are pretty 
much the same that material is very fluid and nicely fills the mold cavity without 
creating unnecessary surface discontinuities and defects. Surface cavity however 
is observed in fourth casting which is formed after addition of 0.25 wt.% of in-
oculant 1 in melt. The effect of inoculation on microstructure and grain forma-
tion will be discussed later but for the time being it is very clear that a lot of sur-
face discontinuities including roughness, improper fill and skin crust formation 
are very evident when external particles are added to Zr47.5Cu45.5Al8Co2. This is a 
direct consequence of decrease in metal velocity and increase in its viscosity. The 
fact become more prominent and even center line crack is observed when per-
centage of inoculants are increased to 0.5 wt.%. It is not known what is the effect 
of this increase on shape of casting? As no data exists from experiments on these 
alloys in industry. This s the first study of its kind aimed at studying the velocity, 
viscosity, fluidity and mechanical properties of these alloys as a function of its 
constituents. 

3.5. Thermal Analysis (Differential Scanning Calorimetry (DSC)) 

Thermal analysis in the form of differential scanning calorimetry (DSC) was 
performed on casted BMGMC samples (namely Zr47.5Cu45.5Al8Co2 and 
Zr65Cu15Al10Ni10 respectively) without inoculants only. The aim was to ascertain 
if any glass structure is formed by studying glass transition temperature (Tg) as 
well as structural relaxation (devitrification) (Tx) temperatures which help to 
identify the temperature at which glass transforms to crystalline products. Small 
samples which were cut from tip of BMGMC wedge were heated in Netzsch STA 
449 F1 system fitted with steel furnace and p-type DSC sensor. Alumina (Al2O3) 
pan was used and was heated to 650˚C at a rate of 20˚C/min in Argon atmos-
phere in accordance with previously reported values [80]-[85]. An optimized 
higher heating rate of 20˚C/min was chosen as lower rates are observed [86] to 
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(p)                                (q) 

  
(r)                                (s) 

Figure 6. (a)-(s) UV light fluorescent pattern of cast wedges after application of dye and 
exposure; (a) and (b) (Zr47.5Cu45.5Al8Co2 without inoculants); (c)-(g) Zr47.5Cu45.5Al8Co2 
without inoculants; (h)-(k) Zr65Cu15Al10Ni10 without inoculants; (l)-(o) Zr47.5Cu45.5Al8Co2 
with 0.25% inoculant 1, (p)-(s) Zr47.5Cu45.5Al8Co2 with 0.5 wt.% inoculant 1. 
 
bypass very narrow window of glass transition (Tg) and relaxation temperatures 
(Tx) (i.e. material spend too much time in crystallization region such that suffi-
cient time is allowed for proper arrangement of atoms and crystalliza-
tion/relaxation itself is not observed at all). An initial blank run was run prior to 
carrying out actual test to set base line parameters. Over lay graph obtained is 
shown in Figure 7. 

The curves clearly show different temperatures at which transitions occur. 
Summary of main transitions events observed in these curves are given in Table 
2. 

DSC curves are characterized by three parameters namely; peak height, peak 
position and peak width (area under the curve) [87]. All curves display an en-
dothermic event, which is characteristic of glass transition temperature (Tg) fol-
lowed by exothermic event corresponding to release of heat due to crystalliza-
tion. These are depicted by onset points in above figure. It was previously ob-
served and reported [87] [88] that in the absence of any reinforcing constituent 
(e.g. dendrites) peak tend to occur at lower temperature and as the percentage of 
external constituent increase, peak shifts towards higher temperature. When 
present graphs are compared to previously reported data, same phenomenon 
was observed. This is attributed to the fact that in the absence of any reinforce-
ments, it is easy for 100% glass to transform quickly exhibiting crystallization 
and as the percentage of external impulses increase, they also start contributing 
towards overall crystallization by their inherent intrinsic effect. Their physical  
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Figure 7. DSC curves ofZr47.5Cu45.5Al8Co2and Zr65Cu15Al10Ni10 alloys. 
 
Table 2. Major invariant temperatures tabulated for both hypoeutectic and hypoeutectic 
alloys. 

Sr. No. Alloy Tg (˚C) Tx (˚C) Peak Temp (˚C) Area (J/g) 

1 Zr47.5Cu45.5Al8Co2 423 479 480.2 79.3 

2 Zr65Cu15Al10Ni10 378 482.9 490 97.11 

 
state (i.e. glass whiskers, vitrified/devitrified ceramic particles, nano spheres or 
any other morphology) starts exerting its own contribution and tends to retard 
crystallization of glassy matrix in BMGMC. Also peak becomes broader as the 
amount of ductile phase increases, indicating the range on which this transition 
occurs. This may be attributed to the fact that glass from region in between den-
drites (interdendritic space) takes time to devitrify thus prolongs the overall time 
for completion of transformation (crystallization). Height of peaks are also lo-
wered indicating that not enough glass is present to cause a sharp, high and 
bright peak which is hopeful and proof of fact that in-situ dendrite reinforced 
composites are formed. Area under the curve can be fitted with John-
son-Mehl-Avrami (JMA) equation and used to calculate crystallized fraction at 
certain temperature as function of time. This may be described as follows 

2ln ln
pp

EC
RTT

α 
= −  

 
                       (1) 

where 
E = Activation energy, α = speed of heating, Tp = Temperature of peak and C 

= Crystallized fraction 
For a specific temperature C can be calculated as a function of time and gives 

a measure of time necessary to anneal a sample at a given temperature to control 
the crystallized fraction. 
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3.6. Castability/Mold Fill Analysis/Characteristics 

Mold fill characteristics of BMGMC are also unique. Typically, they are sluggish 
alloys which do not have very good casting properties such as fluidity, mold fill 
ability and high temperature thermal and chemical stability. Conventional cast-
ing methods such as sand casting, investment casting or even permanent mold 
casting have not been able to induce enough heat extraction effect, capability 
and capacity to reach cooling rate of the order of 104 K/sec necessary to achieve 
glassy structure in these alloys. It is necessary to involve suction effect (unique 
technique) along with water cooling in the exterior of permanent Cu mold to 
achieve extremely high cooling rates to manufacture these alloys. Largely, the 
percentage by which mold is filled during a run remains a function of transfor-
mer frequency, arc temperature, arc maneuverability (skill of operator), super 
heat given and rate by which Ar is removed from chamber by vacuum pump. 
Out of these, arc maneuverability is how skillfully arc is controlled on melt piece 
in button furnace. It largely determines the heat transfer pattern to and from 
specimen. There may be other factors also such as mold size, its geometry, riser 
size, runner type, suction pressure, rate by which it is applied that are responsi-
ble for mold filling but largely it remains as function of main machine parame-
ters which are transformer frequency and rate of removal of Ar from chamber as 
a result of application of vacuum (suction). Other stray at maintaining their 
unimportant position. 

3.7. Optical Microscopy 

Casted samples were cut from the tip region in two halves and mounted in epoxy 
molds with fresh cut surface down to expose the surface for microstructure 
analysis as shown in Figure 8 below. The samples were ground with series of 
emery paper with increasing finer grit and finally treated with diamond paste to 
metallographic finish. They were subsequently treated with etching reagent con-
sisting of 4 ml HF (35% conc.), 4 ml HNO3 (67% conc.) and 192 ml deminera-
lized water. Total etching time was 12 - 15 seconds for eutectic and just 2 second 
for hypoeutectic alloys as later has very high reactivity towards acid solution. 
Three micrographs of each sample were taken each at tip, middle and widest re-
gion of wedge shape sample. These are shown below. First set of figures (Figures 
8(a)-(c) shows the microstructure of eutectic cast alloy. It clearly shows glassy 
matrix with finely dispersed spheroidal like crystals of primary CuZr B2 phase. 
Their spheroidal like acicular morphology indicates they are so called “in-situ” 
formed during solidification of casting. Another reason for appearance of this 
morphology is extremely high cooling rate which suppress kinetics to such a lev-
el that almost zero crystallization is observed. This is in contrast to well defined 
spherical morphology of B2 phase observed in alloys as a result of precipitation 
from melt. This is typical microstructure which is supportive of nucleation and 
growth phenomena. “In-situ” feature, on the other hand is attributed to product 
of a chemical reaction (reversible or irreversible) (e.g. B2 - B19) [89] which may  
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(a) 

 
(b) 

 
(c) 

Figure 8. Reflected light optical micrograph Zr47.5Cu45.5Al5Co2 etched (HF + HNO3 + 
H2O) (a) tip region (200×); (b) middle of wedge (200×); (c) wider portion of wedge 
(200×). 
 
give rise to fine spheroidal like or spherulitic microstructure with very sharp 
edges. The volume fraction (Vf) of these spheroidal like crystals increase with the 
change of cooling rate as we travel towards wider portion of wedge. Higher per-
centage of glass is present at the tip indicting maximum cooling rate and sup-
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pression of kinetics. As the distance from tip increase, appearance of other fea-
tures starts appearing in microstructures. These include; slight “spotty contrast” 
[90] between glassy and crystalline regions. Two main reasons are corroborated 
for this. One is the occurrence of varying stress fields around shear bands which 
cause martensitic transformation of β phase or B2 to glass as reported in earlier 
study by Prof. Johnston [90] and other is relatively recently observed phenome-
na upon investigation of these alloys in synchrotron light termed as liquid-liquid 
transition (LLT) [91] [92] or more popularly phase separation [93] [94] [95]. 
Another feature of interest is appearance of “radial dendrites”. This is more 
predominantly observed in Figure 8(c) which is taken at widest portion of 
wedge at farthest distance from tip. Occurrence of these is attributed to change 
of cooling rate which cause thermal fields in conjunction with fluid fields pro-
moting solute rejection, its diffusion, capillary action and CFD phenomena in 
such a way that dendrites grow only in certain direction with respect casting 
geometry [96]. Lastly, “variant contrast” is observed under reflected light micro-
scopy as the sample is traversed in the path of light. This dull to shiny contrast is 
due to occurrence of varying percentage of crystalline dendrites trying to nuc-
leate out of liquid during rapid cooling at the same time their growth is sup-
pressed due to very high rate suppressing kinetics. A sharp dull to shiny inter-
face is developed at the glass to crystal boundary which also indicates develop-
ment of composite structure [97]. A refinement in this structure and its control 
is crucial for the control and enhancement of mechanical properties of these al-
loys. A quantitative metallography of this microstructure detailing number den-
sity (dc), size, distribution and occurrence of ductile phases as a function of dis-
tance from tip is pending and will be described in a later study. 

Second set of figures (Figures 9(a)-(c)) shows the microstructure of hypoeu-
tectic cast alloy Zr65Cu15Al10Ni10 after etching under reflected light microscopy. 
As described in section 3.2 above, this is the best casting obtained. Thus, match-
ing with observations in NDT, optical micrographs show very nice microstruc-
ture of this system detailing formation, development and distribution of second 
phase precipitates nicely and evenly in glassy matrix. The precipitates formed are 
β-Zr whose percentage represented and measured in the form of volume fraction 
(Vf) increase as the distance from tip region increases. Figure 9(a) depicts mi-
crograph of alloy taken at tip region. Main features observed in this micrograph 
are glassy matrix represented by light color region with very fine dispersion of 
small nearly round precipitates all over the matrix. They are not only indicative 
of the development of metal matrix composite structure but also help in identi-
fying casting features (very well defined flow lines) which are correlated with 
casting quantification study done in nondestructive testing. Flow patterns help 
identify regions of casting which experience high cooling rate and thus solidify 
first. This preferential solidification is the reason of macroscopic anisotropy of 
properties across the cross section of a casting. As the distance from tip region 
increases, a variation in microstructure is observed. The size of fine precipitates  
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(a) 

 
(b) 

 
(c) 

Figure 9. Reflected light optical micrograph Zr65Cu15Al10Ni10 etched (HF + HNO3 + H2O) 
(a) tip region (200×); (b) middle of wedge (200×) inset (1000×); (c) wider portion of 
wedge (200×) inset (1000×). 
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gets a little bigger due to more time available for diffusion and their dispersion 
increases measured in the form of inter particle distance. Inset shows same mi-
crostructure at higher magnification which is representation of this 
well-developed morphology. A variant dull to shiny contrast also disappears be-
cause nominal composition is more fluid, does not constitutes sluggishness and 
is the reason of retaining supercooled liquid at room temperature (glass phase). 
Glass is present as light areas passivited from etching reagent whereas crystalline 
three dimensional dendritic network is revealed as a result of its enhanced reac-
tivity and selective leaching towards etching reagent [98]. As distance from tip 
increases, the percentage of glassy phase decreases and more well defined fine 
dispersion of ductile phase crystals nucleating from liquid increase appreciably. 
It appears dark because of its inability to reflect light. It promotes homogeneity 
which gives rise to enhanced mechanical properties. However, microstructure 
here is also characterized by a boundary region present in the form of an inter-
face very near to the edge of wedge shape casting (inset of Figure 9(c)). This gets 
revealed as a result of preferential etching which gives it its characteristic light to 
dark contrast. It is envisaged that this occurred as a result of segregation or in-
homogeneous distribution of elements because of time dependent varying (tran-
sient) casting conditions (varying cooling rate and fluctuating chemical compo-
sition) in this region under the influence of complex multiphysics phenomena. 
Overall crystal fraction increases appreciably in this region. 

Figures 10(a)-(c) comprises of alloys of Zr47.5Cu45.5Al5Co2 with 0.25 and 0.50 
wt.% of potent inoculant. The synergic effect of inoculation is well observed and 
can easily be seen in the micrographs in all three areas after light etching. Figure 
10(a) reveals the evolution of well-defined three dimensional dendritic network 
in glassy matrix. As a result of inoculation treatment crystalline dendrites are 
formed in glassy matrix. They get selectively dissolved during etching and ap-
pear as areas of dark color in light background (which is glass). Their percentage 
and dispersion is increased while their size gets finer as the distance from tip in-
creases. This is again due to same reason that inoculation treatment helps im-
prove microstructure by providing sites for heterogeneous nucleation which re-
duce overall undercooling required to overcome critical nucleation barrier for 
the formation and growth of a stable nuclei. The effect of cooling rate is that the 
increased percentage of fine dendrites is observed farthest from tip because of 
decreased cooling rate there concurrent with decrease of glass phase in that 
zone. Similarly, Figures 10(d)-(f) is another microstructure of same alloy but 
with increased amount of inoculant. A higher percentage (0.5%) of potent in-
oculant gives rise to highly developed, dense and coarse dendrites. Their disper-
sion increase and their number density also increase appreciably. However, a 
contrast in microstructure is also observed detailing light and dark areas which 
happens due to difference of cooling rate in two different regions of casting 
along the line perpendicular to major axis (Figure 10(e)). This is very important 
feature and establishes a criterion for assigning flow rate and quantification of  
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(a)                                      (b) 

 
(c)                                      (d) 

 
(e)                                      (f) 

Figure 10. Reflected light optical micrograph Zr47.5Cu45Al5Co2 etched (HF + HNO3 + 
H2O) (a)-(c) 0.25% inoculant (a) tip region; (b) middle of wedge and (c) edge of wedge 
(200×); and (d)-(f) 0.5% inoculant (d) tip region; (e) middle of wedge and (f) edge of 
wedge (200×). 
 
casting conditions. Typically, this is resultant of combination of cooling rate and 
chemical composition. Glass is observed in areas which are close to wall of cast-
ing thus having maximum possible heat extraction while ductile phase contain-
ing composite microstructure is observed as we move towards inside of casting 
away from wall. A very large black spot (etch pit) in Figure 10(d) is observed 
which is due to selective dissolution—a typical phenomenon observed in these 
alloys [98] [99] [100]. Three dimensional growth of tree like long dendrites ori-
ginating from one side (wall side) of mold is characteristic of nucleation and 
growth driven solidification phenomena (a feature of crystalline alloys). 

Overall the percentage of glass decreases while amount and dispersion of duc-
tile dendrites increase and their size get finer as a result of inoculation treatment. 
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A detailed quantitative metallography of this is pending and will be described in 
later study. 

3.8. Microhardness Testing 

Further characterization of casting was done by carrying out Microhardness 
testing following ASTM E 384-16. For this purpose, a calibrated Vickers hard-
ness tester was used with small load of 5N. The tester was calibrated first and 
then each specimen was tested in segments with taking three readings on each. 
The three readings were averaged out at the end to take final estimate of hard-
ness. These are plotted along y-axis as a function of percentage of inoculants 
along x-axis in the form of graph elaborating behavior of material with inset 
showing schematic of wedge with positions where readings are taken (Figure 
11). 

As can be observed that hardness tends to increase from 0% - 0.25% inoculant 
where it is maximum and then decrease as the percentage of inoculant reaches 
0.5%. This is due to the fact that increased percentage of inoculants beyond a 
certain limit induces strain softening effect under the tip of indenter. This may 
have been caused due to the fact that increased volume fraction (Vf) of ductile 
phase dispersed evenly in matrix decrease the overall strengthening effect caused 
by glassy phase which is the main factor contributing towards hardness of these 
alloy systems whereas their volume fraction is not appreciable enough at 0.25% 
to impart overall decrease of hardness. Contrary to both, a low value of hardness 
at zero percent inoculant tends to suggest typical well documented strain sof-
tening effect [101] [102] under the tip of indenter and it was expected that this 
would have been prominent as multiple shear bands form when monolithic glass 
undergoes shear, free volume exists in overall matrix [103] and also rate of 
 

 
Figure 11. Plot of hardness vs. percentage of inoculant. 
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loading is uncontrolled and is very high [104] (which helps in reducing intrinsic 
brittleness of glassy phase—main reason of high strength). Another important 
feature to observe is variation of hardness at different location of point of test. It 
can be clearly seen that hardness is highest at a point near the bottom of wedge 
and it decreases as this point is moved upwards. This is in conjunction with ear-
lier observations made in section 6 above which shows that distinct flow patterns 
formed as a result of variant CFD along section thickness. This gives rise to de-
velopment of different percentages of volume fraction (Vf) of ductile phase in 
different regions thus promoting contrast in mechanical properties. 

4. Conclusions 

Following conclusions can be drawn from melting, casting and inoculation of 
bulk metallic glass matrix composites (BMGMC) in vacuum arc melting and 
suction casting. 

1) Bulk metallic glass matrix composites (BMGMC) are very sluggish and dif-
ficult to cast alloys. Vacuum melting and suction casting is effective way to fa-
bricate these alloys. However, extremely careful control and monitoring of 
process variables is needed to form these alloys in good shape. 

2) Wedge shape castings of BMGMC were made to study the effect of inocula-
tion and cooling rate on castability, phase formation and its transformation. 

3) Chemical (Inductively coupled plasma (ICP)), thermal (DSC) and Nonde-
structive testing (Radiography and dye penetrant testing (DPT)) are performed 
to ascertain composition, crystallization behavior, quality, homogeneity and in-
tegrity of casting. 

4) Hypoeutectic systems are found to possess good casting properties (fluidity, 
mold filling, and thermal stability) as compared to eutectic compositions for a 
fix shape of wedge casting. 

5) Thermal analysis can be tentatively correlated to percentage of glass and 
percentage of crystal phase in BMGMCs. Crystallinity is attributed to formation 
of ductile phase during solidification. 

6) Optical microscopy and micro hardness testing further verify ad counter 
check the results and facts observed in previous treatment indicating effective-
ness of inoculation treatment. 

Overall, this study provided a first footprint of manufacturing of these alloys 
by controlled inoculation which will lead to denser and tougher alloys belonging 
to this family to serve the purpose of competent engineering material of future. 
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