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Abstract
Currently, major issues in the mobile and information and communications technology industries are consumer demands 
stimulated by emotion and environmental pollution issues. In the case of such consumer demand, many companies are using 
a demand increase model that involves the application of success stories through the convergence of design and technology, 
and a significant improvement has been realized. The environmental pollution caused by various dyes or resins used to real-
ize a specific color of metal exterior materials to stimulate consumer sensibility has reached a serious level. In this study, we 
tried to minimize the environmental pollution that occurs due to external painting by realizing the color for the metal itself 
rather than through an external color coating. In addition, in the case of metal materials, the desired metal atomic ratio was 
similarly realized by utilizing waste scraps of the Al alloy ADC12 and the Mg alloy AZ91 that had already been used, and a 
study on realizing a specific color of the metal itself through recycling was conducted. Through this study, we tried to solve 
both environmental and consumer demand issues through recycling of metal waste materials and development of ecofriendly 
metal materials that do not use paint or resin.
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Introduction

Currently, the greatest issue in industry is the growing 
gap between technological development and consumer 
demand, and various measures are being proposed to 
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overcome this problem. These changes in consumer 
demand and technology can be confirmed through Clay-
ton’s book the Innovator's Solution [1]. According to 
Clayton, technology advances rapidly, whereas consumer 
demand increases relatively slowly and linearly, result-
ing in a gap. Since this gap becomes a factor that hin-
ders development of technology, it must be overcome by 
increasing consumer demand [2, 3]. Among the methods 
used to increase consumer demand, the method that has 
proven the most effective in the mobile and information 
and communications technology (ICT) device industries 
is convergence. A synergistic effect of increasing product 
value through the convergence of two different fields can 
be created, and the increase in the value of these products 
compared to the production cost can have a significant 
impact on the increase in consumer demand. Research 
must be developed along the direction in which the gap 
between technological development and consumer demand 
is minimized through design-technology convergence, 
an example of which can be seen in how technological 
development and consumer demand have been realized 
for mobile devices through external design changes [4]. 
The exterior materials of mobile and electronic devices, 
which used to only include black, gray, and white plastic-
based exterior materials, are now being implemented in 
various colors through metal-based exterior materials 
[5]. In the case of color implementation for these metal 
exterior materials, the surface of the metal is coated with 
colors using paint, resin, etc., or technology such as color 
implementation using anodizing or plating techniques is 
applied [6–9]. However, for this surface color implemen-
tation, it is realized only on the surface, resulting in poor 
color durability that leads to loss of color in the event of 
damage to the surface coating layer, such as that due to 
external impacts. To overcome the disadvantages of this 
external color implementation, this study aimed to develop 
colored alloys using intermetallic compounds that have 
their own colors [10–16]. The objective was to implement 
various colors through fraction control of Al using  Mg2Si, 
an intermetallic compound with blue color; three com-
positions were selected as basic compositions, and alloy 
development was carried out. To apply the developed 
alloys to the field of resource recycling, this study aimed 
to produce alloys similar to those produced with pure ele-
ments using waste scraps of the Al alloy ADC12 and the 
Mg alloy AZ91 alloys. Consumer demand can be increased 
and industrial problems solved by applying the concept of 
value-added generation through resource reuse and devel-
opment of emotional materials, thus maximizing profits.

The three basic compositions made of pure elements were 
designed to maintain similar atomic ratios, and specimens 
were manufactured to perform comparative analysis of the 
basic compositions [14]. In addition to using the ADC12 and 

AZ91 alloys with similar atomic ratios, the atomic ratio was 
similarly formed by adding pure elements. In the case of the 
basic compositions, various phases with similar chromatic-
ity were formed to implement various changes in chroma-
ticity and hardness due to phase interference. The alloys 
were designed such that only an Al-based matrix and  Mg2Si 
were formed in the (a) and corresponding (d) alloys in the 
first group, the (b) and (e) alloys in the second group were 
designed such that  Mg2Si and Si phases deposited in the 
Al matrix, and the (c) and (f) alloys in the third group were 
designed such that more Si phases were deposited than in the 
second group. The chromaticity and mechanical properties 
of the six alloys produced were measured, and an in-depth 
analysis of the chromaticity and mechanical properties of 
each alloy was conducted by SEM, FESEM(EDX) and TEM 
analysis for microstructure and phase investigation. If alu-
minum waste scraps are recycled based on an analysis of 
their mechanical properties and color differences for manu-
facturing of alloys using waste scraps and pure elements 
only, then a study can be conducted to improve the physical 
properties through the addition of microelements of recycled 
scraps. Regarding the analysis of the implemented colors, 
this study aimed to distinguish the colors of metals using 
the CIE L*a*b* color coordinate system, not the color-dis-
tinguishing methods of RGB, CMYK, etc. previously used 
[17, 18]. This system is used because of the difference in 
the color of the metal that exists for the color-distinguishing 
methods due to the glossiness of the metal itself, and the gap 
between the color and recognized color can be minimized by 
numerically expressing the glossiness to overcome this gap 
[19]. In the CIE L*a*b* color coordinate system, L* repre-
sents luminosity in values from 0 to 100, a* represents green 
and red in values from − 128 to 128, and b* represents blue 
and yellow in values from − 128 to 128. A colorimetric com-
parison analysis using the correct tool for metal chromatic-
ity analysis was conducted, and the colorimetric difference 
between the formed alloys and the color interference effect 
were more closely examined to analyze the colorimetric and 
mechanical properties of recycled metal alloys.

Experimental

The intermetallic compounds with their own colors were 
based on the previously developed blue magnesium sili-
cide, which has been implemented as a suitable formulation 
within aluminum bases with no high solubility. Through 
alloy design techniques, compositions a, b, and c were all 
designed to form different phases, enabling analysis of 
various chromaticity-mechanical property correlations. To 
produce the representative a, b, and c composition alloys, 
Al (99.99 mass %, Form KRTLAB, Korea company), Mg 
(99.98 mass %, Form KRTLAB, Korea company), and Si 
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(99.999 mass %, From RNDKOREA, Korea company) were 
used to conduct induction casting using graphite crucibles 
coated with boron nitride (BN) to melt the 50 mm alloy 
specimen. To develop waste scrap-utilizing alloys for com-
parative analysis, this study aimed to manufacture alloys 
using waste scraps of ADC12 and AZ91 alloys.

To utilize waste of the Al alloy ADC12 and the Mg alloy 
AZ91, these were first cleaned using acetone and ethanol. 
and then, these were crushed and sieved to make particle of 
3 mm diameter size. Weighing was performed to produce 
an alloy with a composition ratio similar to that of composi-
tions a, b, and c so that segmented scraps had similar wt. % 
values. The compositions of alloys using commercial alloys 
and pure elements are shown in Table 1.

The composition groups of the alloys were set to AZ-
ADC and AZ. In the AZ-ADC alloy group, ADC12 and 
AZ91 commercial alloys were used, and small amounts 
of Al, Mg and Si pure elements were added to match the 
three representative alloys a, b, and c. In the case of the AZ 

alloy group, only AZ91 was used among the two commer-
cial alloys, and these alloys were formed by adding small 
amounts of Al, Mg and Si, similar to the AZ-ADC alloy 
group (Fig. 1).

High-frequency induction casting was conducted under 
the argon atmosphere to prevent oxidation of alloy and using 
a carbon crucible in the casting process, and process power 
is about 3.5 kW and casting time is 120 s. Alloys were man-
ufactured using plate molds of 50 mm × 50 mm × 5 mm, 
a specimen size of 20 mm × 10 mm × 5 mm was obtained 
using a high-speed cutter, and the surface of cut specimens 
was processed using sandpaper of 100, 400, 800, 2000, and 
4000 mesh, as shown in Fig. 2.

Microstructure analysis was performed by scanning 
electron microscopy (SEM, JEOL JSM-6390), and energy-
dispersive X-ray spectroscopy (EDX) analysis was realized 
by field emission scanning electron microscopy (FESEM, 
SU-8010). The phases of the alloys were analyzed using 
X-ray diffraction (XRD, Panalytical Empyrean) analysis. 

Table 1  Scrap composition and 
atomic ratio of developed alloys

Alloy Atomic%

Mg Si Al Cu Zn Fe Mn Cr Ni

Al-AZ91 Bal. 0.02 8.15 0.01 0.23 0.01 0.08 0.01 0.01
Mg-ADC12 0.27 10.65 Bal. 0.95 0.3 0.32 0.11 0.02 0
Al–Mg–Si (AMS) A (a) 37.83 19.07 42.24 0.44 0.18 0.15 0.07 0.01 0.01
AMS B (b) 34.86 35.18 29.36 0.3 0.13 0.1 0.05 0.01 0.01
AMS C (c) 32.75 56.95 9.84 0.24 0.11 0.07 0.02 0.01 0.01
ADC-AZ A (d) 37.83 19.07 42.24 0.44 0.18 0.15 0.07 0.01 0.01
ADC-AZ B (e) 34.86 35.18 29.36 0.3 0.13 0.1 0.05 0.01 0.01
ADC-AZ C (f) 32.75 56.95 9.84 0.24 0.11 0.07 0.02 0.01 0.01

Fig. 1  Basic alloy compositions 
according to a three-component 
state diagram, alloy design 
method using scraps, and sche-
matic diagram of the metal and 
its actual implementation
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Cross-section transmission electron microscopy (Cs-TEM, 
JEM-ARM200F) analysis was also conducted for detailed 
microstructure analysis. The mechanical properties of the 
alloys were analyzed using a micro-indenter (SHIMADZU 
HMV-G21DT). For chromaticity analysis of surface-treated 
specimens, CIE L*a*b* chromaticity analysis was per-
formed through reflectance measurement of the wavelength 
within the visible light region using a SINCO COLOR-
MATE, a photon-spectrometer instrument. The CIE color 
matching function was measured using the color 10° stand-
ard observer condition. The reason why the observer condi-
tion was set to 10° was that this observer condition is more 
suitable for color perceived by the human eye than when 
the observer condition is 4°, so the analysis was performed 
by setting the observer condition to 10°. Information about 
these color coordinate systems can be found in the book by 
Sperskaya [20]. This CIE L*a*b* color coordinate system is 
a methodology for expressing color and glossiness. Specifi-
cally, brightness can be analyzed through the L* value, as 
can green through the a* value and yellow and blue through 
the b* value. CIE dE*ab is difference value of color with the 
target metal. When it has more than 2.4 value, we can decide 
color difference. Also, d*a and d*b parameters are difference 
value of a* and b*, respectively. For the color coordinate 
values measured in this study, the L* and a* values do not 
produce significant changes in chromaticity, so the analysis 

of chromaticity changes and mechanical property changes 
was based on a comparative analysis of b* values.  Mg2Si 
and Si phases that are close to blue are expected to have a 
significant impact on the b* value.

A comparative analysis of surface hardness was per-
formed using the Vickers hardness test on polished surfaces 
of plate-shaped specimens of 20 mm × 10 mm × 5 mm pro-
duced through the fabrication and preparation of specimens 
to analyze the mechanical properties. The compression con-
dition was set at 5 N and maintained for 10 s; the position 
of the indenter was changed, and 10 times repeated analysis 
each sample were performed. An electronic densimeter was 
used to analyze the density, and the measurements were car-
ried out on each specimen using the hydrometer technique 
under 20° atmospheric conditions.

Results and Discussion

The color implementation for metals using intermetal-
lic compounds was performed following the juxtaposition 
technique, in which colors are combined according to the 
colors formed by each microstructure, and their combina-
tion is seen as a single color [21, 22]. In this study, various 
color improvements were conducted through phase fraction 
control via compositional control such that the color imple-
mentation varied through changes in the fractions and forms 
of the  Mg2Si phase, Si single phase, and colorless Al-based 
mixture phase. According to a previous study, the smallest 
size that can be discerned by the human eye is 20 ~ 330 μm, 
and in the case of metal, when the microstructure has this 
characteristic, the overall color appears uniform and homo-
geneous [14, 23]. T The microstructure of the alloys devel-
oped in this study is a combination of the  Mg2Si phase and 
the remaining Al-based matrix and Si phase, and except for 
in the a and b compositions, the  Mg2Si and Si phases are 
formed in many sizes from 10 to 100 μm. Similar shapes are 
observed in the microstructure of alloys manufactured using 
waste scraps; the d, e, and f alloys corresponding to the a, 
b, and c alloys show similar microstructures to each corre-
sponding alloy. The following Fig. 3 shows microstructure 
images of the alloy compositions manufactured in this study, 
showing no significant difference in phase size or fraction 
between the a, b, and c alloys using pure elements and d, e, 
and f alloys using waste scraps, along with similar micro-
structure shapes.

Through this, the ability to obtain results similar to 
those of alloys produced using pure elements when produc-
ing blue alloys using waste scraps was confirmed, and an 
XRD analysis test was conducted to check the consistency 
of each phase of the microstructures. The XRD analysis 
results showed that compositions a and d contained α-Al 

Fig. 2  Induction casting schematic diagram and photographs of a 
specimen produced from induction casting
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and  Mg2Si phases, but in the case of compositions b, c, e, 
and f, diamond_A4 silicon phases were formed in addition to 
the α-Al and  Mg2Si phases, Fig. 4. Furthermore, the micro-
fractional elements contained in the scrap were confirmed 
to form additional mixed phases when making alloys using 
waste scraps. Through this, the development of alloys using 
waste scraps similar to existing alloys was confirmed, and 
the similarity of alloys was verified through in-depth micro-
structure and phase analysis. The XRD analysis results are 
shown in the following Fig. 4 to confirm that other phases 
were formed that cannot be identified from the microstruc-
ture alone. The XRD analysis results were consistent with 
the microstructure analysis results. This means the existence 
of α-Al,  Mg2Si and Si phase.

These results also confirmed that alloys similar to conven-
tional alloys can be formed by casting using waste scraps. 
The results of EDX analysis to perform composition and 
phase analysis of microunits are shown in the following 
Fig. 5, as the addition of microelements does not exclude 
the possibility of results different from the XRD analysis 
results. Except for the d composition, the EDX results show 
that phases similar to those in the XRD analysis results are 
formed for the compositions; the  Mg2Si phase and Si phase 
are formed separately, and the Al phase is also formed. How-
ever, the d composition shows different results from the pre-
vious experimental results in the polar microstructure, and 
some of the microstructure shows the presence of phases 
formed by mixing of aluminum and magnesium.

Fig. 3  ×500 Magnification SEM images of alloys developed in this study. a AMS A, b AMS B, c AMS C, d AZ-ADC A, e AZ-ADC B, and f 
AZ-ADC C alloys

Fig. 4  XRD patterns of alloys 
developed in this study. (a) 
AMS A, (b) AMS B, (c) AMS 
C, (d) AZ-ADC A, (e) AZ-ADC 
B, and (f) AZ-ADC C alloys
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Fig. 5  EDX images of alloys developed in this study. the image show content of element Al (yellow), Mg (red) and Si (green). a AMS A, b 
AMS B, c AMS C, d AZ-ADC A, e AZ-ADC B, and f AZ-ADC C alloys (Color figure online)
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The formation of these Al–Mg alloys can be attributed 
to the formation of Al–Mg alloys and to the formation of 
 Mg2Si, as microelements such as Cr, Mn, Fe, Ni, Cu, and Zn 
present in waste scraps act as nucleation sites [24, 25]. Com-
positional analysis of all developed compositions showed 
that the d, e, and f alloys developed using waste scraps were 
very similar to the previously developed a, b, and c alloys 
in terms of microstructure and phase structure. However, 
in alloy d, additional Al–Mg phases were formed, and the 
effect of these additional phases on the chromaticity and 
mechanical properties must be determined. Through a clear 
analysis of the mechanical properties and chromaticity of 
the formed Al–Mg, accurate prediction of chromaticity and 
mechanical property changes and control of them enable 
the desired color or mechanical properties of the study to 
be implemented. To this end, a clear analysis method of the 
structures of the formed phases must be presented, and in 
this study, analysis of the phases formed in the alloy was 
performed through TEM analysis. The composition a TEM 
results showed that only 110 zone axis aluminum and 001 
zone axis  Mg2Si phases were formed, as targeted in the alloy 
design, and that only fractional effects of the aluminum and 
 Mg2Si phases existed. The mechanical properties are also 
expected to differ in terms of hardness depending on the 
ratio of phases formed according to the level rule, and fac-
tors that enhance the mechanical properties such as eutectic 
structures are unlikely to be measured [26–28]. In the case 
of composition b, unlike composition a, the Si phase was 
also observed, and each phase was a 111 zone axis  Mg2Si 
phase, a 110 zone axis Al phase, or a 110 zone axis Si phase. 
Composition c shows the three phases of Al,  Mg2Si, and Si 
similar to composition b, and the TEM analysis showed no 
difference compared to composition b. However, composi-
tion d differed from the previously developed alloys, and 
the analysis of the phases showed that the 101 zone axis 
 Mg2Si phase and the 111 zone axis Al phase were the same 
as those in alloy a, but additional 112 zone axis  Al140Mg89 
and 112 zone axis  Mg17  Al12 phases were observed [26, 29, 
30]. For composition e, there was no significant difference 
from composition b, but for composition f, there were a few 
aluminum phases, unlike composition c, which was expected 
to show only  Mg2Si and Si phases (Fig. 6).

These microstructure and phase analysis results confirm 
that similar alloys are formed, but if there are significant 
differences in chromaticity and mechanical properties, as 
in this study, then a comparative analysis of chromaticity 
and mechanical properties is required. Thus, comparative 
analysis of chromaticity using CIE L*a*b* color coordi-
nate analysis and hardness using Vickers indentation was 
performed. The chromaticity analysis of the  Al140Mg89 and 
 Mg17  Al12 (β) phases formed in the d composition showed 
that the –b* values, corresponding to the blue chromatic-
ity, were 2.29 and 1.76, respectively. These are similar to 

the –b* value of -2 corresponding to the existing blue color 
diagram of aluminum, and the lack of change in chromaticity 
is likely due to the formation of a new phase that replaces 
the aluminum phase. However, the presence of fractional 
variations of  Mg2Si through the formation of phases contain-
ing Mg results in chromatic variations due to color differ-
ences between  Mg2Si (− b*:13) and Si (− b*:5); thus, chro-
matic analysis of all compositions was conducted to closely 
observe the chromatic variations according to phase forma-
tion. The results of this chromaticity analysis are shown in 
Table 2.

According to the chromaticity analysis by composition, 
the L* value representing glossiness does not have a sig-
nificant effect on the implementation of chromaticity, and it 
was excluded when measuring the chromaticity in this study, 
which tends to vary with surface hardness. In addition, in the 
case of the a* values representing red and green, the chro-
maticity difference is not noticeably large, so distinguishing 
the chromaticity variation of the blue metal implementation 
using only the b* values is reasonable. The results of chro-
maticity and hardness measurements for each composition 
are shown in the graph in Fig. 7b. The chromaticity and 
hardness analysis shows that the blueness of the commercial 
alloy-based manufactured alloys corresponding to composi-
tions a, b, and c is much higher than that of compositions d, 
e, and f. The difference is predicted to be due to the action 
of microelements used in commercial alloy scraps, such as 
d. These changes in phase and microstructure may result in 
changes in the fraction, size and shape of the  Mg2Si or Si 
phase with a specific color, which may result in changes in 
the overall color. Increases in the overall sizes of the  Mg2Si 
phase and the Si phase result in a difference in color reflec-
tance, which can be determined to be a successful improve-
ment in the physical properties through recycling, and the 
possibility of replacing the pure element alloy with an alloy 
containing waste scrap can be discussed.

As can be seen Fig. 7a, Analysis of the mechanical prop-
erties shows that the hardness values of the d and e compo-
sitions are similar but slightly lower than those of the a and 
b compositions, which are associated with the mechanical 
properties decreasing as the phase size increases due to the 
Hall–Petch effect. However, in the case of the c and f compo-
sitions, significant differences in the mechanical properties 
occur, which can be thought to be due to volume fraction 
difference between  Mg2Si and Si phases, about 5% increase 
 Mg2Si phase at f composition compared to c composition, 
except for the eutectic structures. This can be expected to 
result from the soft properties of aluminum, which contrasts 
with the high hardness of  Mg2Si intermetallic compounds 
and Si phases, and composition f containing relatively large 
amounts of microelements does not have time to form a 
separate aluminum phase. The results of this study show 
that both good chromaticity and hardness can be achieved in 
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alloys manufactured using waste scraps compared to alloys 
manufactured using existing pure elements, along with simi-
lar or better mechanical properties. However, if alloys are 

produced using these waste scraps, then consideration of 
the manufacturing price is inevitable. Although there is an 
advantage of reducing environmental costs when recycling 

Fig. 6  TEM images of alloys developed in this study. a AMS A, b AMS B, c AMS C, d AZ-ADC A, e AZ-ADC B, and f AZ-ADC C alloys
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resources, whether manufacturing costs are reduced when 
using actual waste scraps must be confirmed, along with the 
gains from these abstract concepts. To this end, this study 
aimed to perform a benefit–cost ratio (BCR) analysis. The 
BCR represents the benefit of an investment compared to the 
cost, expressed by the following ratio [31].

The purpose of this BCR analysis was to compare only 
the costs of the elements because the alloy compositions 
developed in this study had the same manufacturing method; 
therefore, the cost comparison according to manufacturing 
cost was meaningless. For the alloys produced using existing 
pure elements, the reference value was set at 1, and for the 
alloys produced using waste scraps, the BCR values were 
1.81, 1.35, and 1.17 for compositions d, e and f, respectively. 

BCR=
Program benefits

Program cost

These BCR analysis results and element prices per 100 g are 
shown in Table 3 below.

Through this, the use of waste scraps in all compositions 
can be judged to be beneficial, and considering the reduction 
in environmental costs through recycling, a great benefit is 
expected. Chromaticity and mechanical properties are likely 

Table 2  Comparison analysis of chromaticity and color differences by composition

Composition #
Mg

2
Si

(Target)
A(AMS a) b(AMS b) c(AMS c)

D(AZ-

ADC a)

e(AZ-ADC 

b)

f(AZ-ADC 

c)

L*(brightness) 75.12 71.51 69.11 62.92 81.84 78.26 73.83

a*(yellowness) -1.31 -0.10 -0.27 -0.59 -0.83 -0.96 -1.01

-b*(blueness) 13.13 4.70 6.30 8.35 6.91 7.68 9.50

CIE dE*ab (color 

difference)
0.00 11.92 12.73 16.90 13.12 8.79 4.94

d*a (yellowness 

difference )
0.00 0.10 0.27 0.59 0.83 0.96 1.01

d*b (blueness 

difference)
0.00 8.43 6.83 4.78 6.22 5.45 3.63

Color

Fig. 7  Comparative analysis of 
the a hardness and b chromatic-
ity of alloys manufactured using 
AMS colored alloys and scraps

Table 3  Benefit cost comparison analysis between alloys manufac-
tured using pure elements and alloys manufactured using scrap

Composition A (a, d) B (b, e) C (c, f)

BCR
 AMS 1 1 1
 ADC-AZ 1.81 1.35 1.17

Price ($/100 g)
 AMS 37.4 49.7 64.3
 ADC-AZ 30.5 44.9 62.7
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to be realized at the desired level through recycling, and the 
scope of application for the development of colored alloys 
can likely be expanded.

Conclusions

This study aimed to develop an alloy with its own color 
using waste scrap, and the method of developing the alloy 
involved adding 40 weight percent of Mg and Si elements 
compared to total composition to the waste scrap and main-
taining a similar ratio to the existing composition, and 
implement the alloy with the desired color. In addition, over-
all color control of the alloy was possible by adjusting the 
phases of the alloy through control of the alloy composition. 
When comparing the a, b, and c alloys, the  Mg2Si volume 
fraction did not show much difference at the about 50%, 
and the overall color and properties of the alloys changed 
due to the influence of the Si single phase according to the 
composition change. The AZ-ADC and AZ alloy groups 
showed better blueness than the previously developed AMS 
alloys and did not show significant differences in terms of 
mechanical properties. This result is thought to be due to 
the influence of the additional elements in the commercial 
alloys, but accurately analyzing the mechanism is difficult 
because there are too many variables by composition. The 
alloys of this study can be used in various applications, such 
as in metallic material design, as vehicle exterior materi-
als, and as electronic device exterior materials, and they are 
expected to enable the realization of more various colors 
than previously developed alloys. In addition, commercial 
alloys are widely used throughout industry and have many 
manufacturing processes, and they have the advantage of a 
lower cost than pure metal materials requiring purification. 
When comparing the costs of manufacturing AMS alloys 
using pure metal elements and AMS alloys using commer-
cial alloys, the manufacturing of alloys using commercial 
alloys developed in this study was less expensive. The ability 
to recycle waste scraps and scraps from the manufacturing 
process of commercial alloys is also expected.
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