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In this work, the mechanical properties of the Al-Cu-Ni eutectic alloy, Al-32.5 wt pct Cu-1 wt
pct Ni, were investigated in terms of the dependency on growth rates. The Al-Cu-Ni eutectic
alloy was directionally solidified at a constant temperature gradient, G = 4.93 K mm�1, with a
wide range of growth rates (V = 9.25 to 2056.68 lm s�1) using a Bridgman-type directional
solidification furnace. The eutectic spacing (k), microhardness (HVT), and ultimate tensile
strength (rUTS) were measured with standard techniques. The dependences of k, HVT, and rUTS

on V for directionally solidified Al-Cu-Ni eutectic alloy were experimentally obtained using
regression analysis. The results obtained in the present work were compared with the similar
experimental results in the literature. Finally, the elastic energy dependence on growth rates for
Al-32.5 wt pct Cu-1 wt pct N alloy was determined from their nominal stress–strain plots.
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I. INTRODUCTION

SOLIDIFICATION from the melt is an essential step
in nearly all established sequences of metal processing.
The solidification and melting are phase transformations
between solid and liquid phases of the materials.
Understanding the mechanism of solidification is crucial
in controlling the electrical, thermal, and mechanical
properties of metals.[1]

Directionally solidified binary or ternary eutectics can
produce well-aligned regular structures consisting of
fibrous (rodlike) or lamellar constituents. Such struc-
tures may offer substantial increases in high-temperature
strength, fracture properties, or creep resistance over
those of conventionally cast alloys.[2] The directional
solidification method was first used in the 1960s to
produce a turbine blade.[3] This method provides under-
standing of the relationship between alloys and their
microstructure, process conditions, and geometry. Addi-
tionally, rapid solidification has been applied to alu-
minum alloys to improve both individual and
combinations of properties in conventional alloys and

thermal stability and elastic stiffness by means of
nonconventional alloy additions that are detrimental
at normal rates of solidification.[4]

Commercial aluminum and its alloys can be divided
into three grades: work-hardenable wrought composi-
tions, including the metal itself in various grades of
purity (1xxx series); with or without solid solution
alloying additions of Mg (5xxx series); or with disper-
sion hardening additions of Mn (3xxx series) age-hard-
enable wrought compositions, embracing those based on
Al-Cu, Al-Mg-Si, and Al-Zn-Mg (2xxx, 6xxx, and 7xxx
series, respectively).[4] The 2xxx series (Al-Cu alloys)
have been used extensively in the cast and wrought form
where strength and toughness are required. These alloys
exhibit high strength and hardness at room and elevated
temperatures. Also, copper is typically the alloy basis for
improved mechanical properties at elevated tempera-
ture, often with nickel additions.[5]

Considering the studies performed,[6–10] some workers
examined the Al-Cu-Ni system due to the interesting
feature of thermoelastic martensitic transformation
revealed by specific compositions of these alloys. This
feature is answerable for the original mechanical treat-
ment of these alloys, such as superplasticity, stress-in-
ducedmartensitic transformation, and the shapememory
effect.[11] As can be seen from the literature,[12–36] the
experiments on directional solidification were usually
performedwithin a growth range of 2.0 to 500 lm s�1 at a
constant low-temperature gradient by using a Bridg-
man-type growth apparatus, and the influence of the
growth rate on the microstructure parameters and micro-
hardness was determined from the experimental results.

ÜMIT BAYRAM is with the Department of Physics, Faculty of
Science, Erciyes University, 38039 Kayseri, Turkey. NECMETT_IN
MARASLı is with the Department of Metallurgical and Materials
Engineering, Faculty of Chemistry and Metallurgical Engineering,
Yildiz Technical University, 34210 Istanbul, Turkey. Contact email:
nmarasli@yildiz.edu.tr

Manuscript submitted April 3, 2018.
Article published online September 17, 2018.

METALLURGICAL AND MATERIALS TRANSACTIONS B VOLUME 49B, DECEMBER 2018—3293

http://crossmark.crossref.org/dialog/?doi=10.1007/s11663-018-1404-7&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s11663-018-1404-7&amp;domain=pdf


In the directional growth experiments, the experimental
work with a high growth rate (HGR, higher than the
500 lm s�1) is more difficult.

The first aim of the present work was to directionally
solidify the Al-Cu-Ni eutectic alloy with HGRs as well
as low growth rates (LGRs) at a constant temperature
gradient. The second aim of this work was to experi-
mentally investigate the influence of V on the values of
kT, HVT, and rUTS for the directionally solidified
Al-Cu-Ni eutectic alloy. Finally, the elastic energy
dependence on growth rates for Al-32.5 wt pct Cu-1 wt
pct Ni alloy was determined from the nominal stress–
strain plots.

II. EXPERIMENTAL PROCEDURE

The experiments were performed in several steps for
Al-Cu-Ni eutectic alloy, including the following: prepara-
tion of the alloy, microstructural observation and measure-
ment of solidification parameters, eutectic spacing,
microhardness, and ultimate tensile strength (UTS). Details
for these steps are given in Sections II–A through II–D.

A. Preparation of Alloy and Observation
of Microstructure

In the present study, to grow the eutectic a (Al solution)
and h (CuAl2) phases from ternary liquid, the composi-
tion of the alloy was taken as Al-32.5 wt pct Cu-1 wt pct
Ni. Molten Al-32.5 wt pct Cu-1 wt pct Ni alloy was
prepared from 99.99 pct pure aluminum, 99.99 pct pure
copper, and 99.95 pct pure nickel using a vacuummelting
furnace. The molten alloy was poured into graphite
crucibles (4-mm ID, 6.35-mm OD, and 200-mm length)
held in a hot filling furnace at approximately 50 K above
themelting point of the eutectic alloy. Themolten alloy in
the crucible was directionally solidified to obtain a
completely full specimen. Each specimen was then placed
in a Bridgman-type furnace within a graphite cylinder
(300-mm length, 10-mm ID, and 40-mmOD).Directional
solidification of the samples was done at a constant
temperature gradient of 4.93 K mm�1 with different
growth rates from 9.25 to 2056.68 lm s�1 with the help
of different synchronous motors.

In practice, there are six kinds of commercial syn-
chronous motors (1, 2, 5, 10, 20, and 60 rps). The
maximum growth rate of 500 lm s�1 can be obtained
with a 60 revolutions s�1 synchronous motor at a
constant temperature gradient. In the present work, a

driving system was constructed by using a hand drill’s
motor to obtain HGRs (from 212.45 to 2056.68 lm s�1)
at a constant temperature gradient. Applied voltages vs
pulling rates or pulling rates vs growth rates obtained
with the constructed driving system are given in Table I.
The details of the experimental procedure and Bridg-
man-type furnace are given in References 37 through 39.
To reveal the microstructures on samples, some

metallographic processes were carried out on the sam-
ple. The quenched sample was cut into lengths typically
of 15 mm. The transverse and longitudinal sections of
the specimens were flattened with several SiC papers,
and samples were cold mounted with the help of epoxy
resin. After polishing, the samples were etched with a
Keller’s microetchant (1.5 mL HCl, 1 mL HF, 2.5 mL
HNO3, and 95 mL H2O) for 40 to 45 seconds. The
microstructures of samples were photographed with a
light optical microscope and a LEO scanning electron
microscope (SEM). However, the resolution of the
optical microscope was too poor to see the microstruc-
ture of the samples solidified with HGRs; thus, the
microstructures of samples solidified at all growth rates
(ALLGRs) were photographed with an SEM. Some
typical SEM images from the longitudinal and trans-
verse sections of directionally solidified Al-Cu-Ni eutec-
tic samples are shown in Figure 1.

B. Measurements of Solidification Parameters
and Eutectic Spacing

The temperature of water in the reservoir was kept at
approximately 10 �Ctoanaccuracyof± 0.3 KusingaPoly
Science digital 9102 model heating/refrigerating circulating
bath, and the temperature in the samplewas controlled toan
accuracy of ± 0.1 K by using a Eurotherm 905S type
controller. The temperature in the specimen was measured
with 0.25-mm diameter insulated 4 K type thermocouples
fixed within the sample with spacing of 4 to 6 mm. Four
thermocouples were positionedwith a spacing of 4 to 6 mm
and stuck together with silicone elastomer glue. Before
inserting the thermocouples into the alumina, the pho-
tographs of thermocouple positions were taken to measure
the distance between thermocouples (DT). All thermocou-
ples were then inserted together into alumina tubes, 1.5-mm
OD 9 1.2-mm ID 9 100-mm length, used to insulate the
thermocouples from the melt, and the ends of the thermo-
coupleswere thenconnected to themeasurementunit,which
consisted of a data logger and computer. During the
annealing period, the temperatures on the solid and liquid
phases were continuously recorded by the stationary
thermocouples with a data logger via computer during the
growth. When the solid/liquid interface was at the second
thermocouple, the temperature difference between the first
and second thermocouples (DT)was read from thedata-log-
ger record. The temperature gradient (G = DT/DX) for
each samplewasdeterminedusing themeasuredvalueofDT
and the known value of DX.
The time taken for the solid–liquid interface passes

through the thermocouples separated by known dis-
tances was read from the data-logger record. Thus, the
value of the growth rate (V = DX/Dt) for each sample
was determined using the measured values of Dt and DX.

Table I. Applied Voltage vs Pulling Rates or Pulling Rates

vs Growth Rates Obtained with Constructed Driving System
for Al-32.5 Wt Pct Cu-1 Wt Pct Ni Alloy

Applied Voltage (Direct
Current)

Pulling Rate
(lm s�1)

Growth Rate
(lm s�1)

1.0 1034.58 496.72
2.1 2112.83 1024.45
2.9 3086.15 1532.54
3.8 4246.26 2056.68
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The estimated error in the measurements of the temper-
ature gradient,G, can be determinedwith a fractional total
uncertainty in G, which can be expressed as
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where DT* is the uncertainty in the temperature mea-
surements, DX* is the uncertainty in the distance mea-
surements, DT is the temperature difference between
two fixed points, and DX is the distance between two
fixed thermocouples.

The distances between two thermocouples were mea-
sured from the photographs of the thermocouple’s
positions to an accuracy of ± 5 lm. The fixed distances
between two thermocouples are about 4 to 5 mm. The
fractional uncertainty in the measurements of the fixed
distances is 0.2 pct.

To determine the uncertainty in the temperature
measurements, the thermocouples were calibrated by
detecting the melting point of the binary alloy. The
uncertainty in the temperature measurements (DT*) at
the melting temperature of binary alloys was about 1 K.
The temperature difference between the two fixed
thermocouples (DT = T1 � T2) reading was about 80
to 100 K. The uncertainty in the temperature measure-
ments is about 1.3 pct. Therefore, the total fractional
uncertainty in the measurements of the temperature
gradient is approximately 1.5 pct.

The estimated error in the measurements of the
growth rate, V, can be expressed as
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where Dt* is the uncertainty in the time measurements
and Dt is the time taken for the solid–liquid interface
passes through two of the thermocouples. The fractional
uncertainty in the measurements of the distances was
about 0.3 pct. It can also be seen from Table II that the
time taken for the solid–liquid interface to pass through
two of the thermocouples is about 80 seconds at higher
growth rates. Thus, the uncertainty in the time measure-
ments is about 1.3 pct and that in the growth rate mea-
surements is approximately 2 pct.

Two samples were studied under the same solidifica-
tion conditions for each growth rate: one of them for
microstructure and microhardness measurements and
the other for UTS measurements.

The values of eutectic spacing were measured from
the photographs of microstructures taken from the
transverse and longitudinal sections of the samples with
a linear intersection method.[25] In the measurements of
microstructure parameters, 30 to 40 values of eutectic
spacing for each temperature gradient were measured to
increase statistical sensitivity. Therefore, the statistical
error in the measurements of the microstructures was
minimized and is given in Table II. The k values
obtained from the transverse sections are more reliable
than those of longitudinal sections of the samples.[26, 27]

As shown in Figure 1, Al-32.5 wt pct Cu-1 wt pct Ni has
fine cellular eutectic microstructure with increasing
growth rates.

C. Measurements of Microhardness with the Vickers
Hardness Method

One of the purposes of the present work is to reveal
the relationships between the solidification processing
parameters with the microhardness for directionally
solidified Al-32.5 wt pct Cu-1 wt pct Ni alloy. The
Vickers hardness (HV) is the ratio of a load applied to
the indenter to the surface area of the indentation. This
is given by

HV ¼ 2P sin h=2
d2

; ½3�

where HV is the Vickers microhardness in N mm�2, P
is the applied load (N), d is the mean diagonal of the
indentation (mm), and h is the angle between opposite
faces of the diagonal indenter (136 deg). Microhard-
ness measurements in the present work were made
with a Future-Tech FM-700 model hardness measuring
test device using a 10- to 50-g load and a dwell time of
10 seconds, giving a typical indentation depth of about
40 to 60 lm, which is significantly smaller than that of
the original solidified samples.
Microhardness is the average of at least 30 measure-

ments on the transverse sections (HVT). The minimum
impression spacing (center to edge of the adjacent
impression) was about 3 times the diagonal and was
located at least 0.5 mm from the edge of the sample. To
ensure cleanliness, the surfaces of the samples were
polished prior to HV measurement. Each reading was
an average of at least 10 separate measurements taken
randomly on the surface of the samples. The highest and
the lowest values of the 10 readings were disregarded.
Some errors are inevitable during microhardness mea-
surements. These errors are due to factors such as
surface quality in homogeneities in the microstructure
and ambiguity of indenter traces.
Equation [3] is also expressed as

HV ¼ 2
F

A
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where m is the used load mass standardized (10 to
50 g), g is the gravitational acceleration (9.81 m s�2),
and r is the radius of sample (2 mm). The values of m,
g, and h are known. In the hardness measurements,
the values of the sample radius (r) and diagonal length
(d) are measured. Thus, the estimated experimental
error in the measurement of HV is the sum of frac-
tional uncertainty of the sample radius and diagonal
length (d) and can be expressed as
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The values of r and d measured from the photographs
are the sample and diagonal of the indentation trace.
The factional uncertainties for measurements of r and d
are about 1 pct, respectively. Thus, the total estimated
experimental error in the measurement of microhard-
ness is about 4 pct.

D. Measurements of Ultimate Tensile Strength

One of the aims of the present work is to measure the
tensile stress. The ultimate tensile strength (rUTS) values
of the alloy were measured at room temperature with a
Shimadzu Universal Testing Instrument (Type
AG-10KNG) at a frequency of 10�3 s�1. The data
collected from the tensile test can be analyzed using the
following formula to determine the stress (r):

r ¼ F

A
¼ mg

pr2
; ½6�

where r is the stress in N mm�2 (or MPa), F is the
applied force (N), and A is the original cross-sectional
area of the sample. The uncertainty in the measure-
ment of the UTS can be expressed in Eq. [6] as
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Thus, the estimated experimental error in the mea-
surement of the UTS is about 2 pct. Experimental error
analyses of the measurements of k, V, HVT, and rUTS

values were done and were reflected in all equations
obtained by regression analysis.

The samples were prepared from directionally solid-
ified rods with a diameter of 4 mm and length of 50 mm.
The UTS measurements were repeated at least 3 times
and the axis was taken parallel to the growth direction
of the samples.

E. Determination of Elasticity

The metallic materials should have high strength and
low elastic modulus. It can be seen in Figure 2 that the
yield strength, elastic strain, and stress–strain curve in
the elastic stage make up a triangle, and the mathemat-
ical expression of the elastic energy can be expressed as

de ¼
1

2
rery ¼

r2y
2E

; ½8�

where de is the elastic energy, re is the elastic strain, ry
is the yield strength, and E is the Young’s modulus.
According to Eq. [8], the elastic energy can be
obtained from the stress–strain curve.

III. RESULTS AND DISCUSSION

A. Dependence of Eutectic Spacing on Low, High,
and All Growth Rates

To determine individually the effect of LGR and
HGRs (V) on eutectic spacing (microhardness (HVT),
and ultimate tensile strength (rUTS) at room tempera-
ture in the Al-Cu-Ni eutectic system, the samples were
unidirectionally solidified with a wide range of growth
rates (9.25 to 2056.68 lm s�1) at constant temperature
gradient (4.93 K mm�1) using a Bridgman-type growth
apparatus.
The phase diagram of the Al-Cu-Ni system was

determined by Zolotorevsky et al.[40] According to the
phase diagram of the Al-Cu-Ni system, the composition
on the ternary eutectic point of the Al-Cu-Ni alloy is
Al-32.5 wt pct Cu-1 wt pct Ni and the eutectic reaction in
this point is L fi a-Al (matrix phase) solution+ h-Al2Cu
(intermetallic phase).[40] Thus, the composition of the
alloy was chosen to be Al-32.5 wt pct Cu-1 wt pct Ni to
grow the two solid phases (Al solution and Al2Cu) from
the ternary liquid. SEM photographs of Al-32.5 wt pct
Cu-1 wt pct Ni are given in Figure 1. The quantitative
chemical composition analyses of a (Al solution) and h
(Al2Cu intermetallic phase) were performed via
energy-dispersive X-ray (EDX), as shown in Figure 3.
According to EDX results, as shown in Figure 3(a), the
grayphase is h-Al2Cu and the black phase is a-Al solution.

bFig. 1—Typical SEM images of the directionally solidified
Al-32.5 wt pct Cu-1 wt pct Ni eutectic alloy at a constant
temperature gradient of 4.93 K mm�1: from (a) longitudinal and (b)
transverse sections with V = 9.25 lm s�1, from (c) longitudinal and
(d) transverse sections with V = 94.35 lm s�1, from (e) longitudinal
and (f) transverse sections with V = 1024.45 lm s�1, and from (g)
longitudinal and (h) transverse sections with V = of 2056.68 lm s�1.

Table II. Values of Solidification Processing Parameters, Eutectic Spacing, Microhardness, Ultimate Tensile Strength, and Elastic

Energy for Directionally Solidified Al-32.5 Wt Pct Cu-1 Wt Pct Ni Eutectic Alloy with Different Growth Rates at a Constant

Temperature Gradient

Alloy (Wt Pct)

Solidification Parameters
Eutectic Spacing Microhardness Ultimate Tensile Strength Elastic Energy

G (K mm�1) V (lm s�1) kT (lm) HVT (kg mm�2) rUTS (N mm�2) de (MJ m�3)

Al-32.5Cu-1Ni 4.93 ± 0.07 9.25 ± 0.19 3.09 ± 0.33 138.15 ± 5.41 181.96 ± 4.55 0.52
46.40 ± 0.93 1.95 ± 0.21 149.21 ± 5.87 204.83 ± 4.88 0.61
94.35 ± 1.89 1.08 ± 0.15 161.55 ± 6.38 217.43 ± 4.17 0.80
162.85 ± 3.26 0.77 ± 0.10 172.74 ± 7.09 241.02 ± 5.23 1.12
496.72 ± 9.93 0.59 ± 0.08 180.08 ± 6.99 252.15 ± 3.94 1.34

1024.45 ± 20.49 0.51 ± 0.07 186.46 ± 7.48 265.86 ± 4.02 2.27

1532.54 ± 30.65 0.44 ± 0.06 191.87 ± 7.33 273.47 ± 3.74 2.52

2056.68 ± 41.13 0.38 ± 0.05 195.12 ± 7.62 278.21 ± 3.61 2.57

Bold values in the table show measured experimental values for high growth rates.
kT: the average values of the eutectic spacings measured from the transverse section,HVT: the average values of the microhardness measured from

the transverse section, rUTS: the average values of the ultimate tensile strength measured from the longitudinal section.
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The eutectic spacing changes with the growth rates.
At a constant temperature gradient (4.93 K mm�1), the
eutectic spacing decreases with the increasing growth
rate and vice versa. The highest and lowest eutectic
spacings were obtained with the growth rates of 9.25 and
2056.68 lm s�1, as shown in Figures 1(a) and (b) and
Figures 1(g) and (h), respectively.

The measured values of kT variations with growth
rates for Al-Cu-Ni alloy at constant G are given in
Figure 4 and Table II. The changing of eutectic spacing
with growth rate is linear on the logarithmic scale. The
measured data create a straight line, as shown in
Figure 4, and the proportionality equation can be
obtained by the linear regression analysis as

k ¼ K1V
�n; ½9�

where K1 is a constant and n is an exponent value of
the growth rate.

The relationships between the eutectic spacing and
growth rates were determined for directionally solidified
Al-32.5 wt pct Cu-1 wt pct Ni alloy with LGRs, HGRs,
and ALLGRs, respectively, at a constant G
(4.93 K mm�1) as

kLGR ¼ ð9:87� 1:48ÞV�0:48 ðfor low growth ratesÞ;
½10a�

kHGR ¼ ð3:97� 0:59ÞV�0:30 ðfor high growth ratesÞ;
½10b�

kALLGR ¼ ð7:05þ 1:06ÞV�0:39 ðfor all growth ratesÞ:
½10c�

Experimental errors in the measurements of k and V
values are 13 and 2 pct, respectively, and they are
included in Eq. [10].

There have been many attempts to classify the various
types of microstructure that can be obtained by solidify-
ing alloys near the eutectic composition. A useful
approach for binary eutectic systems proposed by Jack-
sonandHunt[21] relates the eutectic structure to the nature
of growth of the individual phases of the eutectic. No
accepted theoretical model for the exponent values of
ternary eutectic systems exists. Thus, a comparison of
experimental present results with previous similar exper-
imental results[41–44] and predicted values from the
Jackson–Hunt eutectic theory[21] for the Al-33 wt pct
Cu eutectic alloy are given in Figure 4.
As shown in Figure 5, the lines of k vs V for LGR and

HGRsdetermined in thepresentworkarebetween the lines
of kT vsVdeterminedby Çadırlı[41] forAl-Cu,Kaygısız and
Maraşlı[42] for Al-Cu-Mg, Böyük et al.[43] for Al-Cu-Ag,
and Çadırlı et al.[44] for Al-Cu-Co ternary eutectic alloys.
The lines of k vs V for LGR and HGRs determined in

the present work are slightly below the lines of kT vs V
predicted from Jackson–Hunt eutectic theory[21] and
determined by Çadırlı[41] for Al-Cu, Kaygısız and
Maraşlı[42] for Al-Cu-Mg, and Çadırlı et al.[44] for
Al-Cu-Co. However, the lines of k vs V for LGR and
HGRs determined in the present work are away from
the line of kT vs V determined by Böyük et al.[43] for
Al-Cu-Ag. These high disparities are definitely due to
the kind and amount of alloying elements of Ag, Cu,
and Ni. The composition of the Al-Cu-Ag eutectic alloy
was Al-17.6 wt pct Cu-42.2 wt pct Ag, and a (Al
solution), b (Ag2Al solution), and c (Al2Cu solution)
phases were grown from the Al-Cu-Ag eutectic liquid.[43]

The composition of the Al-Cu-Ni eutectic alloy was
Al-32.5 wt pct Cu-1 wt pct Ni, and a (Al solution) and c
(Al2Cu solution) phases are grown from the Al-Cu-Ni
eutectic alloy. Thus, the composition and microstructure
of Al-Cu-Ag are different from the composition and
microstructure of the Al-Cu-Ni eutectic alloy. These
differences between them cause a microhardness differ-
ence between Al-Cu-Ni and Al-Cu-Ag eutectic alloys.
Furthermore, the exponent value of 0.48 relating toV for

LGRs obtained in the present work is in good agreement
within the little difference between the 0.46, 0,49, 0.45, and
0.50 values obtained by Wilde et al.[19] for Al-25.6 wt pct
Cu-24.5 wt pct Ag,Witusiewicz et al.[28] for In-33.10 wt pct
Bi-15.56 wt pct Sn, and Kaygısız and Maraşlı[45] for
Al-13.0 wt pct Si-5.0 wt pct Mg ternary alloys and
predicted from the Jackson–Hunt eutectic theory,[21]

respectively. However, the exponent value of 0.30 relating
to HGRs (VHGR) determined in the present study is
smaller than all exponent values relating to LGRs
(VLGR) given in Table III and predicted from the
Jackson–Hunt eutectic theory.[21] a and h phases are
grown from the eutectic liquid in Al-Cu-Ni, as assumed
in the Jackson–Hunt eutectic theory.[21] The exponent
value of 0.30 relating to V, higher than 600 lm s�1 for
the Al-Cu-Ni eutectic alloy obtained in the present work,
is 60 pct smaller than the exponent value of 0.5 predicted
by the Jackson–Hunt eutectic theory,[21] while the expo-
nent value of 0.48 relating to V, up to 600 lm s�1 for
same alloy obtained in the present work, is very close to
the exponent value of 0.5 predicted by the Jackson–Hunt

Fig. 2—Illustration of elastic energy in a stress–strain plot.
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eutectic theory.[21] Thus, this difference might be due to
HGRs (600 to 2100 lm s�1) rather than the alloying
elements of Cu and Ni.

Finally, as shown inTable III, the exponent value of 0.39
relating to all measurements of eutectic spacing for
ALLGRs obtained in the present work is in good agree-
mentwith the exponent values obtainedbyonly someof the
different researchers[42,46,47] for Al-based alloys.

The bulk growth rate value of 117.84 lm3 s�1 for
LGRs obtained in the present work agrees with the bulk
growth rates of 156, 139, 101.80, 112, and 101 lm3 s�1

obtained by Çadırlı et al.[48] for Al-33.0 wt pct Cu, Tassa
and Hunt[49] for Al-35.5 wt pct Cu, Kaya et al.[50] for
Al-5.7 wt pct Ni, Jordan and Hunt[51] for Al-32.0 wt pct
Cu, and Wilde et al.[19] for Al-25.6 wt pct Cu-24.5 wt pct
Ag alloys, respectively. Even if the bulk growth rate

Fig. 3—(a) Chemical composition analysis of Al-32.5 wt pct Cu-1 wt pct Ni eutectic alloy by using SEM–EDX. The black phase is matrix a-Al
phase, and the gray phase is h-Al2Cu intermetallic phase. (b) Solidification process of the eutectic structure and schematic illustration of
measures of the microstructure.

METALLURGICAL AND MATERIALS TRANSACTIONS B VOLUME 49B, DECEMBER 2018—3299



value of 258.27 lm3 s�1 for HGRs obtained in the
present work is quite larger than the aforementioned
values, this value is very close to the values of 277.9,
232.17, 288, and 218.6 obtained by Mota et al.[52] for
Fe-22.8 at. pct Al-9.7 at. pct Nb alloys, Çadırlı et al.[44]

for Al-23.9 wt pct Cu-1.2 wt pct Co, Witusiewicz
et al.[28] for In-32.18 wt pct Bi-15.55 wt pct Sn, and
Çadırlı et al.[53] for In-33.10 wt pct Bi-15.56 wt pct Sn,
respectively.

B. Effect of the Change in the Growth Rate (V)
on Microhardness

The growth rate influences the microstructure and
mechanical properties of metals. Directionally solidified
materials have some advantages such as decreased
microsegregation and refined microstructure.[54,55] The
mechanical properties of material change with its
microstructure, and microstructure knowledge is neces-
sary to produce advanced materials with desired
properties.[56–59]

According to Hall[60] and Petch,[61] the grain size
depends on yield strength as

ry ¼ r0 þ
K2
ffiffiffi

d
p ; ½11�

where K2 is a constant and d is the average grain size.
The lamellar distance (depends on the average grain
size. According to the eutectic theory, is proportional
to the inverse square root of the growth rate (V).
Thus, the Hall–Petch type relationships between
microhardness and microstructure spacing or growth
rate can be expressed as follows:

HV ¼ HV0 þ K3k
�0:5; ½12�

HV ¼ HV0 þ K4V
0:25; ½13�

where HV0 is the initial microhardness and K3 and K4

are the coefficients, which are related with the matters.
In this work, the HV0, K3, and K4 values were deter-
mined by fitting in Eqs. [5] and [6] the HVT, and V
measurement results obtained experimentally.
The aim of the present research is to determine the

dependency of HVT on V and for the Al-32.5 wt pct
Cu-1 wt pct Ni directionally solidified alloy. The vari-
ations in the Hall–Petch type equations of microhard-
ness (HVT) as a function of eutectic spacing and HGRs
(V) at a constant temperature gradient
(G = 4.93 K mm�1) are plotted in Figures 5 and 6.
In the present work, the dependences of HVT on

eutectic spacing and LGR, HGR, and ALLGRs include
the experimental errors in the measurements of HVT, k,
and V values and were obtained as follows:

Fig. 4—Comparison of the eutectic spacing variation with the
growth rate obtained in the present work with the eutectic spacing
variation with the growth rate obtained in previous works[41–44] for
Al-based alloys and predicted from the Jackson–Hunt eutectic
theory.[21]

Fig. 5—Variation of microhardness (HV) as a function of (a)
eutectic spacing and (b) growth rate for directionally solidified
Al-Cu-Ni eutectic alloy obtained by linear regression analysis.
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HVT ¼ ð105:5� 4:2Þ þ ð1:86� 0:32Þk�0:5
LGR; ½14a�

HVT ¼ ð119:8� 4:8Þ þ ð1:49� 0:25Þk�0:5
HGR; ½14b�

HVT ¼ ð109:1� 4:4Þ þ ð1:72� 0:29Þk�0:5
ALLGR; ½14c�

HVT ¼ ð103:3� 4:1Þ þ ð106:1� 6:37ÞV0:25
LGR; ½15a�

HVT ¼ ð144:2� 5:8Þ þ ð42:54� 2:55ÞV0:25
HGR; ½15b�

HVT ¼ ð124:4� 5:0Þ þ ð62:16� 3:73ÞV0:25
ALLGR: ½15c�

As can be seen from Figures 5 and 6 and Eqs. [14] and
[15], dependence of microhardness on both eutectic
spacing and growth rate is stronger for LGRs thanHGRs
for directionally solidified Al-Cu-Ni eutectic alloy.

As can be seen from Figure 5(a), when the solidifica-
tion parameters increase, the HVT values increase. The
relationship between HVT and V was obtained by linear
regression analysis and can be expressed as

HVT ¼ K5V
a; ½16�

where K5 is a constant and a is the exponent value
relating to the growth rate. Figure 5(b) shows the vari-
ation of HVT as a function of V at a constant G and a
comparison with the previous experimental result for
similar alloy systems.[41,44]

The relationships between HVT–kT and HVT–V,
including the experimental errors in the measurements
of HVT, k, and V values for LGR, HGR, and ALLGRs,
were determined as

HVT ¼ ð164:95� 28:04Þk�0:16
LGR ; ½17a�

HVT ¼ ð164:44� 27:95Þk�0:18
HGR ; ½17b�

HVT ¼ ð165:96� 28:21Þk�0:17
ALLGR; ½17c�

HVT ¼ ð115:08� 6:90ÞV0:08
LGR; ½18a�

HVT ¼ ð126:18� 7:57ÞV0:06
HGR; ½18b�

HVT ¼ ð119:59� 7:18ÞV0:07
ALLGR: ½18c�

Experimental errors in the measurements of k, HVT,
and V values are 13, 4, and 2 pct, respectively, and they
are included in Eqs. [14], [15], [17], and [18].

Table III. Comparison of the Values of Solidification Parameters, Microstructure, Microhardness and Ultimate Tensile Strength

for Directionally Solidified Al-Cu-Ni Eutectic Alloy Obtained in the Present Work with the Values of Solidification Parameters,

Microstructure, Microhardness, and Ultimate Tensile Strength for Al-Based Alloys Obtained in Previous Works

Alloy (Wt Pct)
G

(K mm�1) V (lm s�1) Eutectic Spacing Microhardness
Ultimate Tensile

Strength

Al-32.5Cu-1Ni (This
Work)

4.93 9.25 to 162.85 kTLGR = 9.87V� 0.48 HVT ¼ 115:08V0:08
LGR rUTS ¼ 146:55V0:09

LGR

496.72 to 2056.68 kTHGR = 3.97V� 0.30 HVT ¼ 126:18V0:06
HGR rUTS ¼ 163:68V0:07

HGR

9.25 to 2056.68 kTALLGR = 7.05V� 0.39 HVT ¼ 119:59V0:07
ALLGR rUTS ¼ 153:11V0:08

ALLGR

Al-33Cu[41] 5.84 9.52 to 483.20 kT = 8.60V� 0.40 HVT = 234.05V0.06 rUTS = 194.08V0.08

Al-30Cu-6Mg[42] 8.55 9.43 to 173.30 kT = 6.35V� 0.35 HVT = 308.30V0.03 rUTS = 408.60V0.14

Al-17.6Cu-42.2Ag[43] 8.79 8.30 to 165.15 kT = 4.96V� 0.50 — —
Al-17.6Cu-42.2Ag[62] 8.79 1.83 to 498.25 — HVT = 181.97V0.10 —
Al-23.9Cu-1.2Co[44] 5.66 8.30 to 166.60 kT = 12.02V� 0.44 HVT = 184.07V0.05 —
Al-4.5Cu[46] 8.8 10 to 240 kT = kV� 0.38 — —
Al-0.53Zn[46] kMin = 731.3V� 0.38

Al-0.26Mn[46] 10 to 200 kMax = 8674.1V� 0.53

Al-2.4Cu[47] kT = kG� 0.50V� 0.50 — —
Al-4.4Cu[47] 5 to 13 kT = kG� 0.50V� 0.36

Al-10.1Cu[47] 50 to 500 kT = kG� 0.50V� 0.43

Al-(5.7-20)Cu[68] 2 to 9 7 to 430 kT = 55G� 0.50V� 0.25 — —
Al-40Cu[69] 3.0 4.2 to 42 kT = kV� 0.32 — —
Al-5.7Ni[51] 4.02 8.32 to 483.25 kT = 10.76V� 0.50 — —
Al-5.7Ni[63] 4.02 8.32 to 483.25 — HVT = 66.13V0.10 —
Al-6.5Ni-1.5Fe[64] kT = 10.80V� 0.53 HVT = 42.54V0.07 rUTS = 105.15V0.14

4.48 8.25 to 164.80 kT = 40.40V� 0.48

Al-11.1Si-4.2Ni[70] kT = 12.58V� 0.50 — —
5.82 4.60 to 243.33 kT = 7.94V� 0.47

Al-11.1Si-4.2Ni[65] 5.82 4.60 to 243.33 — HVT = 72.44V0.08 rUTS = 37.15V0.19

Al-13.0Si-5.0Mg[45] 9.39 8.64 to 165.20 kT = 29.32V� 0.45 HVT = 119.90V0.07 rUTS = 222.84V0.20
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Çadırlı[41] and Çadırlı et al.[44] performed similar
experimental work with a range of growth rates (9.52 to
483.20 and 8.30 to lm s�1, respectively) at constant
temperature gradients (5.84 and 5.66 K mm�1, respec-
tively) by using a Bridgman-type growth apparatus for
Al-based alloys. As can be seen from Figures 5(b) and
6(b), the value of HVT increases with the increase in the
value of V and the decrease in the value of k at a
constant temperature gradient G. The dependences of
HVT on eutectic spacing and each range of growth rate
for directionally solidified Al-32.5 wt pct Cu-1 wt pct Ni
alloy are expressed with linear regression analysis. It can
be seen from Figures 5(b) and 6(b) and Table II that the
value of microhardness for Al-Cu-Ni eutectic alloy
increases from 138.15 to 195.12 kg mm�2 with an

increase in the growth rate from 9.25 to 2056.68 lm s�1.
The exponent value of 0.07 for ALLGRs of the
Al-Cu-Ni eutectic alloy is very close to the exponent
values of 0.06 and 0.05 obtained for the Al-33.0 wt pct
Cu[41] and Al-23.9 wt pct Cu-1.2 wt pct Co eutectic
alloys,[44] respectively. However, the coefficient value of
119.59 for the Al-Cu-Ni eutectic alloy is nearly half the
value of 234.05 and 184.07 obtained for the Al-Cu[41]

and Al-Cu-Co, respectively.[44] This disagreement might
be due to the HGRs and compositional dissimilarities
obtained by adding alloying element Ni. The size of the
a-Al and h-Al2Cu phases directs the properties and the
alignment of colonies due to unidirectional solidification
and is masked by the particle size effect.
Besides, as shown in Table III and the literature, the

exponent value relating to ALLGRs (0.07) for direction-
ally solidified Al-32.5 wt pct Cu-1 wt pct Ni alloy is in
good agreement with the exponent values of 0.06 and 0.11
obtained by some researchers[36,45,52,62–67] for ALLGRs.

C. Effect of Growth Rate on Ultimate Tensile Strength

As can be seen from Figures 7 and 8 and Table II, the
value of ultimate tensile strength (rUTS) increases with
the increase in the value of V and the decrease in the
values of at a constant temperature gradient G. The
relationships between the UTS and eutectic spacing and
growth rates were obtained by using linear regression
analysis. From Figure 7, the dependences of rUTS on
eutectic spacing and LGR or HGRs for directionally
solidified Al-32.5 wt pct Cu-1 wt pct Ni alloy were
expressed with linear regression analysis.
Variations in UTS of Hall–Petch type equations with

growth rate and eutectic spacing for the Al-Cu-Ni eutectic
alloy are plotted inFigures 7(c) and (d). Thedependencesof
rUTS on eutectic spacing and LGR, HGR, and ALLGRs,
including the experimental errors in the measurements of
HVT, k, and V values, were obtained as follows:

rUTS ¼ 130:70þ 3:01k�0:5
LGR; ½19a�

rUTS ¼ 151:40þ 2:52k�0:5
HGR; ½19b�

rUTS ¼ 133:60þ 2:90k�0:5
ALLGR; ½19c�

rUTS ¼ 125:70þ 174:40V0:25
LGR; ½20a�

rUTS ¼ 191:40þ 73:30V0:25
HGR; ½20b�

rUTS ¼ 158:80þ 105:40V0:25
ALLGR: ½20c�

The relationships between rUTS–kT and rUTS–V,
including the experimental errors in the measurements
of HVT, k, and V values for LGR, HGR, and ALLGRs,
were determined as

Fig. 6—Variation of microhardness (HV) as a function of (a)
eutectic spacing and (b) growth rate for directionally solidified
Al-Cu-Ni eutectic alloy determined from the Hall–Petch type
equations at a constant temperature gradient.
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rUTS ¼ ð225:87� 33:88Þk�0:19
LGR ; ½21a�

rUTS ¼ ð226:69� 34:00Þk�0:22
HGR ; ½21b�

rUTS ¼ ð228:93� 34:34Þk�0:20
ALLGR; ½21c�

rUTS ¼ ð146:55� 5:86ÞV0:09
LGR; ½22a�

rUTS ¼ ð163:68� 6:55ÞV0:07
HGR; ½22b�

rUTS ¼ ð153:11� 6:12ÞV0:08
ALLGR: ½22c�

Experimental errors in the measurements of k, rUTS,
and V values are 13, 2, and 2 pct, respectively, and they
are included into Eqs. [14], [15], [17], and [18].
Variations of UTS with eutectic spacing and growth

rate for the Al-Cu-Ni eutectic alloy are plotted in
Figures 7 and 8. It can be seen from Figures 7 and 8 and
Table II that the value of UTS for the Al-Cu-Ni eutectic
alloy increases from 181.96 to 278.21 N mm�2 with
increasing growth rate from 9.25 to 2056.68 lm s�1. A
comparison of the present results with the experimental
results obtained in previous works for Al-Cu[41] and
Al-Cu-Mg[42] alloys is also given in Figures 7 and 8. The
exponent value of 0.08 obtained for ALLGRs of the
Al-Cu-Ni eutectic alloy is in good agreement with the

Fig. 7—Variations of ultimate tensile strength (rUTS) as a function
of (a) eutectic spacing and (b) growth rates for directionally
solidified Al-Cu-Ni eutectic alloy obtained by linear regression
analysis at a constant temperature gradient.

Fig. 8—Variations of ultimate tensile strength (rUTS) as a function
of (a) eutectic spacing and (b) growth rates for directionally
solidified Al-Cu-Ni eutectic alloy determined from Hall–Petch type
equations at a constant temperature gradient.
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exponent value of 0.08 obtained for Al-33.0 wt pct
Cu.[41] However, the exponent value of 0.08 obtained for
Al-32.5 wt pct Cu-1 wt pct Ni is nearly half of the
exponent value of 0.14 obtained for Al-30 wt pct
Cu-6 wt pct Mg.[41] Likewise, the coefficient value of
153.11 obtained for Al-Cu-Ni eutectic alloy is close to
the coefficient value of 194.08 obtained in Reference 41
but is one-third the coefficient value of 480.60 obtained
in Reference 42. After this comparison, it can be
concluded that the UTS values are affected by the
alloying elements of Cu, Mg, and Ni and growth rates.

D. Effect of Growth Rate on Elastic Energy

The stress–strain curves for directionally solidified
Al-Cu-Ni alloy with different growth rates are plotted in
Figure 9.

The elastic energies for directionally solidified
Al-Cu-Ni alloy with different growth rates were
obtained from the stress–strain curves and are given in
Table II. According to the stress–strain curves for
directionally solidified Al-Cu-Ni alloy with different
growth rates, the value of strain energy increases from
0.52 MPa (MJ m�3) to 2.57 MPa as the growth rate
increases from 9.25 m s�1 to 2056.68 lm s�1. The strain
energy of materials can be calculated from the disloca-
tion density. It was found that the maximum strain
energy stored as dislocations was calculated to be about
0.226 MJ m�3 in pure Cu and about 0.040 MJ m�3 in
pure Al.[71]

The minimum value of 0.52 MPa calculated in the
present work for the directionally solidified Al-Cu-Ni
alloy with LGR is in a good agreement with the
calculated value of 0.226 MPa for pure Cu.[71] However,
the maximum value of 2.57 MPa calculated in the
present work for the directionally solidified Al-Cu-Ni
alloy at HGR is 10 times larger than the calculated value
of 0.0226 MPa for pure Copper.[71] This difference

implies that the stored energy is dependent on the
growth rates for the directionally solidified Al-32.5 wt
pct Cu-1 wt pct Ni eutectic alloy.

IV. CONCLUSIONS

In the present work, Al-32.5 wt pct Cu-1 wt pct Ni
(Al-based) eutectic alloy was directionally solidified with
a wide range of growth rates at a constant temperature
gradient and then the microstructure, microhardness,
and UTS were investigated. The principal results
obtained in this work are as follows.

(1) The exponent value of 0.30 related to the growth
rate for directionally solidified Al-32.5 wt pct
Cu-1 wt pct Ni alloy with a wide range of growth
rates differs from the exponent value predicted with
the Jackson–Hunt eutectic theory[21] and obtained in
previous experimental works. The exponent value
related to the growth rate up to the growth rate of
600 lm s�1 for Al-32.5 wt pct Cu-1 wt pct Ni alloy
is in good agreement with the predicted exponent
value of 50 related to growth by the Jackson–Hunt
eutectic theory[21] but differs from the predicted va-
lue of 0.50 by the Jackson–Hunt eutectic theory[21]

at the HGR of above than 600 lm s�1.
(2) The variations in the Hall–Petch type equations and

dependences of microhardness and UTS on growth
rate were obtained for LGR, HGR, and ALLGRs at
a constant (G = 4.93 K mm�1). The results ob-
tained in the present work were compared with
similar experimental results in the literature.

(3) From the plots of the stress–strain, the elastic en-
ergies for directionally solidified Al-Cu-Ni alloy
with different growth rates were obtained. It was
observed that the elastic energy for directionally
solidified Al-32.5 wt pct Cu-1 wt pct Ni eutectic al-
loy depends on growth rates.
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