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Abstract

Sngy »_x—7Zng g—Agy alloys (x = 0.15-10.0 wt%) were directionally solidified upwards at a constant G (4.16 K mm ') and
V (41.5 pm s~') in a Bridgman-type directional solidification furnace. The electrical resistivity (p) measurements of the
alloys depending on the temperature were performed using the standard four-point probe method, and the temperature
coefficients of the resistivities (x) were calculated. Composition analyses of the alloys were carried out using energy-
dispersive X-ray spectroscopy. The enthalpy (AH) and the specific heat (AC,) values of the alloys were determined by
differential scanning calorimetry analysis. The thermal conductivity (K) values were obtained from the Wiedemann—Franz
equation. According to the experimental results, electrical resistivities increased up to 3.0 mass% Ag and decreased with
further increase in Ag content. Enthalpy and specific heat values decreased with the increasing content of Ag. The results
were compared with the previous works for Sn—Zn—Ag alloys.
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Introduction

The liquid-solid phase transformation (solidification) is
very important phase transformation because all metals
must undergo this transformation before becoming useful
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materials [1]. Solidification is of such importance simply
because one of its major practical applications, namely
casting, is a very economic method of forming a compo-
nent if the melting point of the metal is not too high [2].
One of the most important solidification methods used for
material processing is the directional solidification [3]. The
mechanical properties of the alloys can be improved with
the directional solidification method [4-7].

In the electronics industry, solders are used as inter-
connect materials between electronic components and
printed circuit boards. As the joining material, solders
provide the necessary electrical, mechanical and thermal
continuity in electronics assemblies [8—11]. Therefore, the
performance and quality of the solder are crucial to ensure
the proper functioning of the electronics assembly.

Unlike lead-based alloys, tin-based alloys are not
harmful to health. Since welding with these alloys needs
low temperature, is cost-effective and is easy to use, it is a
perfect alternative to hard welding. The addition of Ag into
Sn—Zn eutectic alloy is effective for improvement in the
oxidation resistance [12]. The solderability of Sn—9Zn
solder is significantly improved when the quantity of Ag
added in the solder is 0.3 mass% [13]. The AgZn; and
AgsZng intermetallics occur during the reflow process
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when Sn—Zn—Ag alloys are applied for practical uses [14].
When the Ag content is higher than 1.5 mass%, the spec-
imens possess high damping capacity and AgsZng and
AgZn; intermetallics increase vibration fracture resistance
[15]. Nevertheless, small amount of Ag resulted in a
reduction in the electrical conductivity of the Sn—Zn-Ag
alloy [16]. Also, the addition of Ag into the Sn—Zn eutectic
alloy improves the mechanical properties of the alloy up to
a certain amount [13, 17-19].

Thus, the aim of the present work is to investigate the
influence of Ag additions on the electrical and thermal
properties of the directionally solidified Sn—8.8Zn eutectic
solder alloy.

Experimental
Directional solidification

The directional solidification of the alloys produced by
using vacuum melting furnace and casting furnace was
performed in a Bridgman-type directional solidification
furnace. For the directional solidification, the sample was
first placed in the sample holder. The sample holder was
then placed into the hot region of the furnace. After the
furnace reached the desired temperature (773 K) and
thermally stabilized for about 20 min, the sample was
withdrawn from the hot region to the cold region of the
furnace by means of constant speeded (41.5 pm s~ ') syn-
chronous motor. After 14-15 cm steady-state growth, the
samples were quenched by rapidly pulling it down into the
water reservoir. The quenched samples were removed from
the graphite, crucible and samples having a length (d) of
20-30 mm and a thickness () of 1 mm were cut from the
directionally solidified part of the alloy for electrical
resistivity measurements. Details of the furnaces equip-
ments, alloy preparation and directional solidification are
given in [20].

Measurement of electrical resistivity

The four-point probe method is the most widely used
technique for electrical profile measurement of materials.
The method has proved to be a convenient tool for the
resistivity measurement. A four-point probe measurement
is performed by making four electrical contacts to a sample
surface. Two of the probes are used to measure source
current and the other two probes are used to measure
voltage. Using four probes eliminates measurement errors
due to the probe resistance, the spreading resistance under
each probe and the contact resistance between each metal
probe and material [21]. The measured four-point resis-
tance does not contain contributions from the contact
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resistance between the sample and the electrodes. The
electrical resistivity, p, is determined by loading a direct
current, /, through the outer pair of probes and measuring
the voltage drop, V, between the inner pair of probes which
are positioned at a distance of s = 1 mm. A total of three
samples were tested for each solder alloy with 5 readings
for each sample. In this study, the correction factor to be
used in calculating the resistivity was determined by
referring to the geometric factors in four-point resistivity
measurement provided by Topsoe [22]. The “Probe Array
Parallel to Edge, Thick Sample” geometric factor was
chosen as it provides the closest approximation to our
sample geometry. Fundamentally, the electrical resistivity
is expressed as

p=G¥ (1)

where G is the geometric resistivity correction factor.
There is a functional relation between sample geometry
and voltage (V) and current (/) that influences the electrical
resistivity. In the calculation of G, which varies with
sample and contact geometries, when sample dimensions #/
s > 1 and d/s <40 (see below) are considered, the fol-
lowing relation can be used [22, 23].

G =2nsF(t/s) F2(d/s) (2)

where ¢ and d are thickness and length of the sample,
respectively, s is the distance between consecutive probes,
F, and F, are additional correction factors. Consequently,
G is calculated to be 0.364 cm.

The measuring unit was interfaced with a PC for the
online data acquisition and processing. A Keithley 2400
source meter was used to provide constant current of 1 A,
and the potential drop was detected by a Keithley 2700
multimeter. Platinum wires with a diameter of 0.5 mm
were employed as current and potential electrodes. As
shown in Fig. 1, outer probes are used to measure source
current and the inner probes are used to measure voltage.

-1 + V +f
[ K ]
Keithley 2700 Keithley 2400
i 1
multimeter S \ sourcemeter

X2 .
Probe tip

TN

Fig. 1 Schematic diagram of the four-point probe method
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The temperature of the sample in the Nabertherm P320
muffle furnace was controlled with temperature controller,
and the temperature of the sample was measured with a
standard K-type thermocouple.

The electrical resistivity strongly depends on tempera-
ture. In metals, electrical resistivity increases with
increasing temperature. The dependence of -electrical
resistivity on the temperature is often expressed as a slope
in the electrical resistivity versus temperature graph and
can be given as

ps =Py 1 &

po(T —To) ~ po AT ®

XTCR =
where pg is the electrical resistivity at the temperature 7, p,
is the electrical resistivity at the room temperature and
orcr is the temperature coefficient of resistivity. The error
in the electrical resistivity measurements is calculated
about 5%.

Calculation of thermal conductivity

Heat in solids is conducted by various carriers: electrons,
lattice waves or phonons, magnetic excitations and, in
some cases, electromagnetic radiation. The total thermal
conductivity is additively composed of contributions from
each type of carrier. The principal carriers of heat in metals
are electron and lattice waves, leading to an overall thermal
conductivity

K=K.+K, 4)

where K. is the electronic component and K, is the lattice
component. Generally K, of metals, alloys and semimetals
is comparable to the lattice thermal conductivity of insu-
lators of corresponding elastic properties, except at low
temperature where phonon electron interaction reduces K,
in metals. The relative importance of K. and K, thus
depends on the magnitude of K,. The electronic component
often parallels the electrical conductivity, and the electrical
conductivity is highest in pure metals, reduced in the case
of alloys and even lower in semimetals and semiconduc-
tors. Electrical conductivity is a measure of a material’s
ability to conduct an electric current and is one of the
primary physical properties of materials such as thermal
conductivity, specific heat and thermal expansion. The
relationship between the thermal conductivity and the
electrical conductivity of metals is established by the
Wiedemann—Franz equation [24] which is based on the fact
that heat and electrical transport both involve the free
electrons in the metal as

K.

where L is the constant of proportionality, which is called
the Lorenz number. The wvalue of L s
245 x 1078 W QK2 [25]. The variation of thermal
conductivity (K) with temperature was determined from the
Wiedemann—Franz equation by using the measured values
of electrical resistivity (p).

Measurement of enthalpy and specific heat

At constant pressure the specific heat is expressed as

- ()

Therefore, variation of enthalpy (H) with temperature
(T) can be obtained from knowledge of the variation of
specific heat with temperature. Enthalpy can be measured
relative to any reference level which is usually done by
defining H = 0 at 298 K. Integration of Eq. (6) gives

T
H= / CpdT (7)
298

At the melting temperature, the heat supplied to system
will not rise its temperature but will be used supplying the
enthalpy of fusion that is required to convert solid to liquid.
For a transformation from to liquid state, enthalpy of fusion
can be expressed as

where Ty is the melting temperature and AC;, is the change
in specific heat.

The differential scanning calorimetry (DSC) (Perk-
inElmer Diamond model) thermal analysis was performed
with a heating rate of 10 K min~' and under a constant
stream of nitrogen at atmospheric pressure. The AH was
calculated by dividing the area under the peak to the
sample mass and, the AC,, was determined by dividing the
enthalpy of fusion to the melting temperature.

Results and discussion
Composition analysis of phases

SEM-EDX analyses were performed in a Zeiss DSM 962
scanning electron microscope coupled with an Oxford
Instruments INCAXx sight spectrometer equipped with a Si
(Li) detector (133 eV at 5.9 keV) with an ultra-thin win-
dow for the detection of low atomic number elements.
Backscattered electron (BSE) imaging mode was preferred
due to the high atomic number contrast. Analytical con-
ditions comprise a working distance of 25 mm, an
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accelerating voltage of 20 kV, a filament current of 3 A
and an emission current of 70 pA. ZAF correction factors
were applied for semi-quantifications.

Energy-dispersive X-ray analysis of the phases con-
taining Ag in the Sn—8.8Zn-3.0Ag alloy is given in Fig. 2.
From this energy-dispersive X-ray spectroscopy (EDX)
analysis results, it was found that Zn has a composition of
74.58 (at.%) and Ag has a composition of 25.42 (at.%)
alloy. From these EDX results and the previous studies
[18, 26], this black phase shown in Fig. 2 is the AgZn;y
intermetallic phase. Also, the composition analyses of the
intermetallic phases in the studied Sn—Zn-Ag alloys are

counts
6000 4 2z, Region:
Intermetallic phase
] Elmt Elmt/at.%  Elmt/mass%
Zn 74.58 64.0
4000 Ag 25.42 36.0
E Ag Total 100 100
2000 — Zn
3l Zn
A Zn
0 I\ T T T 12
0~ 5 10 15 20
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~ 7’

N /

Detector = QBSD

Date :16 Jun 2015
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Fig. 2 EDX analysis of the phases containing Ag in the Sn—8.8Zn—

3.0Ag alloy
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given in Table 1, and the SEM images of the microstruc-
tures are given in Fig. 3.

Electrical resistivity

The variation of electrical resistivities of the Sn—Zn-Ag
alloys with temperature is given in Fig. 4. As shown in
Fig. 4, the resistivities linearly increase with increasing
temperature. Also, the dependencies of the electrical
resistivities on the Ag content and temperature are given in
Fig. 5. As shown in Fig. 5, the resistivity increases with
increasing Ag content up to 3.0 mass% and decreases with
the addition of 10 mass% Ag. It has been found that Sn—
8.8Zn-3.0Ag alloy has the greatest resistivity compared
with the other alloys. The relationship between the elec-
trical resistivity and the Ag content is nonlinear. The
temperature coefficients of resistivities of the alloys cal-
culated from Eq. (3) and the electrical resistivities mea-
sured by different researchers [16, 27-29] in the Sn—Zn-Ag
alloys are given in Table 2. As given in Table 2, the
electrical resistivity increment with the Ag addition into the
Sn—Zn eutectic alloy is found by many researches
[16, 28, 29]. Hung et al. [16] found that with the addition of
2.5 mass% Ag into the Sn—9Zn eutectic alloy, the resis-
tivity increased the maximum value compared with the
addition of 0.5-2.0 mass% Ag. Gancarz and Pstrus [28]
found that an addition of 1.0 mass% Ag into the Sn—8.7Zn
eutectic alloy increased the resistivity (12.1 pQ cm) com-
pared with Sn—8.7Zn (11.7 pQ cm) and Sn-8.7Zn-0.5Ag
(11.9 pQ cm). Kamal et al. [29] found that with the addi-
tion of 1.0 mass% Ag into the Sn—9Zn eutectic alloy, the
resistivity increased from 16.2 to 19.9 pQ cm. Although
Ag has the best electrical conductivity compared with Sn
and Zn, Ag addition into the Sn—Zn eutectic alloy increases
the electrical resistivity up to a certain amount. One of the
reasons of this increment is the AgZn; intermetallic phase
formation during solidification. The effect of intermetallics
on the electrical resistivity occured in the Sn—Zn—Ag alloys
is reported by many researchers [16, 28, 29]. Hung et al.
[16] reported that AgZnj3 intermetallics and other structural
variations resulted in an increment in the electrical resis-
tivity of the Sn—Zn-Ag alloys. Gancarz and Ptsrus [28]
reported that small precipitates of AgZn; increased the
electrical resistivity of Sn-Zn-Ag alloys. Also,
Kamal et al. [29] reported that the AgzSn and Ag,Sn
intermetallics act as scattering centers for the conduction
electrons. As a result of this, the electrical resistivity
increases. The intermetallics occured in solid cause impu-
rity effect. As a result, both the grain boundaries and dis-
locations increase and cause an increase in the electrical
resistivities of studied alloys.
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Table 1 Composition analysis

resulis of the intermetallic Alloy Zn/at.% Aglat. % Sn/at.% Intermetallic phases

phases Sn-8.8Zn-0.7Ag 80.78 19.22 - AgZn,
Sn-8.8Zn-1.0Ag 80.61 19.39 - AgZny
Sn-8.8Zn-3.0Ag 74.58 25.42 - AgZn;
Sn-8.8Zn-10.0Ag 59.48 38.23 2.30 -

Signal A = CZ BSD Date :8 Nov 2017 f—
Mag= 750X Time :40:10:17

Fig. 3 SEM images of the a Sn—8.8Zn-0.7Ag, b Sn—8.8Zn-1.0Ag, ¢ Sn—8.8Zn-3.0Ag, d Sn—8.8Zn-10.0Ag alloys

® Sn-8.87Zn[27] A
40e7 1 @ $n-8.8Zn-0.7Ag
Vv Sn-8.8Zn-1.0Ag
s 3.5¢-7 | A Sn-8.8Zn-3.0Ag
a B Sn-8.8Zn-10.0 Ag
> 3.0e7 A
z
7 2.5e-7
e
8 2.0e-7 A
h=]
Q
Q
m 1.5e7
1.0e-7 A

300 325 350 375 400 425 450 475 500
Temperature/K

Fig. 4 Variation of electrical resistivities of the Sn—Zn-Ag alloys
with temperature

Thermal conductivity

In this work, the thermal conductivity values calculated
from Wiedemann—Franz [24] equation is the electronic

4.0e-7

—o— 323K

3.5¢e-7 1

3.0e-7 1

2.5e-7 1

2.0e-7 A

Electrical resistivity/ Q m

1.5e-7 A

1.0e-7 1

0 2 4 6 8 10
Ag content/wt%

Fig. 5 Dependence of electrical resistivities on the Ag content and
temperature

contribution of the thermal conductivity. The variation of

thermal conductivity of the Sn—Zn-Ag alloys with tem-
perature was determined using ¢ and L values from the
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Table 2 Electrical properties of the Sn—Zn-Ag alloys at room
temperature

Co/wt% a/K™! p/Q m x 107®  References
Snoy 2Zng g 734 x 1077 11.6 [27]
Sngg sZng gAgo 7 1196 x 107> 13.0 This work
SngosZng oAgos  — 10.9 [16]
Sngo sZng 7Ag0 5 - 11.9 [28]
SngosZngsAgio 109 x 107> 13.2 This work
Sngo.0Zn9 0Ag1.0 - 10.8 [16]
Sngo 0Zng 0Ag1.0 - 19.9 [29]
Snog3Zng 7Ag1.0 - 12.1 28]
Sngg sZng oAg; 5 - 11.1 [16]
Sngg 0Zn9 A2 0 - 11.0 [16]
SngsoZngsAgso 947 x 1077 15.0 This work
Sngg sZng oAgrs - 11.3 [16]
Sng12ZngsAgioo 447 x 1070 11.9 This work

Wiedemann—Franz equation. The ¢ values were measured
experimentally. The Lorenz value of  tin
(2.44 x 1078 W Q K2 [25]) was used for the determi-
nation of thermal conductivity because tin-based alloys
were investigated in present work. As shown in Fig. 6, the
thermal conductivities decrease with increasing tempera-
ture. We may conclude that the temperature increases
slower than electrical conductivity decreases. With
increase in temperature, both number of carrier electrons
and contribution of lattice vibrations increase. Thus, ther-
mal conductivity of a metal is expected to increase.
However, because of greater lattice vibrations, electron
mobility decreases. The combined effect of these factors
leads to very different behavior for different metals and
alloys. As mentioned above, in this study thermal

® Sn-8.8Zn[27] A Sn-8.8Zn-3.0Ag
V Sn-8.8Zn-1.0Ag M Sn-8.8Zn-10.0 Ag

80 1

70 A

60 4

50 4

40

Thermal conductivity/Wm! K-!

30 A

20

320 340 360 380 400 420 440 460 480
Temperature/K

Fig. 6 Variation of thermal conductivities of Sn—Zn—-Ag alloys with
temperature
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conductivities decrease with increasing temperature. Nev-
ertheless, for some intermetallic compounds (Ag;Sn, Cus.
Sn, CueSns) thermal conductivities increase with
increasing temperature. This happens because in the
intermetallics, the value of temperature increases quicker
than conductivity decreases [30]. The accuracy of the
Wiedemann—Franz equation has been examined by several
researchers for different metals and alloys [30, 31].
Yao et al. [30] determined that the Wiedemann—Franz
equation was found to be well obeyed in intermetallic
compounds and solder alloys especially Sn-rich solders.
For Sn-based alloys, Yao et al. [30] found that the thermal
conductivities decrease with increasing temperature as in
this thermal conductivity values calculated from Wiede-
mann-Franz equation. Aloffson et al. [31] found that a
good agreement was found between the calculated thermal
conductivity and the experimentally measured thermal
conductivity values for the Al-Mg alloys.

Enthalpy and specific heat

Figure 7a—f illustrates the DSC curves of the Sng;,_x—
Zng g—Agy (x = 0.15-10.0 mass%) solder alloys used in
this study. Figure 7a—e indicates that the solidus tempera-
ture (Tonset) of the Sn9 1.2— X_Zn8.8_AgX
(x = 0.15-3.0 mass%) solder alloys is approximately
472.5 K. When 10 mass% Ag is added to the Sn—Zn, the
Tonser Of the Sng; ,—7Zng g—Ag;q solder alloy increases from
472.5 t0 492.5 K, as shown in Fig. 7f. The melting range of
the Sngj, x—Zngg—Agy (x = 0.15-3.0 mass%) solder
alloys is about 4-5 K, as shown in Fig. 7a—e. The melting
range of the Sng;,—Zngg—Ag;q solder alloy is determined
approximately 7 K (Fig. 7f). Chang et al. [32] have pointed
out that (T.pg—Tonser) of the Sn—37Pb and Sn—9Zn solder
alloys is 11.5 and 12.6 K, respectively. Sng; »_,—Zng g—Ag,
alloys have a narrow melting range which alleviates the
occurrence of segregation and hot tear.

The variation of AH and AC,, calculated from heat flow—
temperature curves with Ag content is given in Figs. 8 and
9. As shown in Figs. 8 and 9, the AH and the AC,, decrease
with an increasing content of Ag. When the Ag content is
increased from 0.15 to 10.0 mass%, the AH and the AC,
decreased from 70.81 to 5820Jg~' and 0.355 to
0.265 J g~' K™, respectively. The comparisons of AH and
AC, obtained by the present work with the AH and the AC,
values predicted by Ref. [33] are given in Figs. 10, 11 and
Table 3. Wu et al. [33] measured the AC, and the AH using
differential scanning calorimetry at 303 K. Nevertheless, in
the present work AC, and AH were determined for the
melting temperatures of the alloys. For comparison, the
AC, and AH values measured from Wu et al. [33] are
predicted for the melting temperatures. The exponent value
(0.05) of Cy obtained by the linear regression analysis from
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Fig. 7 Heat flow—temperature curve of the alloys; a Sng;osZnggAgois, b SnggsZnggAgp7, € SnggrZnggAgio, d Sngg;ZnggAg; s,

e Sngg2Zng gAgs o, £ Sngi2Zng sAgio0

this work as a function of AC, and AH is in good agree-
ment with the predicted values of 0.04 obtained by
Wu et al. [33].

As mentioned in “Measurement of enthalpy and specific
heat” section, the DSC thermal analysis was performed
with a heating rate of 10 K min~'. A heat treatment
parameter heating rate has effect on thermal properties of
the materials such as melting temperature, enthalpy and
specific heat. Xiao et al. [34] reported that the onset tem-
perature and peak temperature increase with increasing
heating rate. Also the enthalpy changes with heating rate

[34]. Srivastava et al. [35] found that an increment in the
heating rate causes an increment of the glass transition
temperature, crystallization temperature and peak crystal-
lization temperature.
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0361 75 A —@— Sny,, ,Zngg Ag, this work
—@— Sny ,Zng, Ag, predicted by ref. [33]
034 N
|
en 0.32 A o
E = 65
: E
S 030 1 z
3 5 60
2,
©» (.28 A
55 4
0.26 4
0 2 4 6 8 10 50 T '

0.0 0.5 1.0 1.5 2.0 2.5 3.0

Ag content/mass?
g % Ag content/mass%

Fig- 8 Variation of specific heat with Ag content Fig. 11 Comparison of AH obtained by the present work with the

AH values predicted by Ref. [33] for melting temperature

72 4
70 4 Table 3 AH and the AC;, values of the Sn—Zn-Ag alloys
Co/wt% AH/Y g~! AC/S g K References
68 -
oo 6 | Sho; »Zng 73.11 0.366 [27]
\a Sngl‘oszng'gAgQ.w 70.81 0.355 This work
g 64 1 SHg]AozngloAgoll 63.06 0.317 [33]
=
Moo Sngo sZng sAgo 7 67.67 0.339 This work
Sno; 0Zn9 0Ago 5 60.95 0.306 [33]
607 Snoo »Zns sAL) o 66.96 0336 This work
58 Snoy 0Zno oAy o 59.04 0.297 [33]
T T T T T T Sngg 7Zng sAg) 5 64.41 0.323 This work
0 2 4 6 8 10
Sl’lgl‘ozng.oAgz'o 56.27 0.283 [33]
Ag content/mass% .
Sngg 2Zng gAgs o 61.10 0.306 This work
Fig. 9 Variation of enthalpy with Ag content Sno.0Zng 0Ags.0 55.85 0.281 [33]
Sng ,Zng gAg10.0 58.20 0.265 This work
0.38
—@— Sn 912 Xan Agx this work
0.36 4 —@— Sn, Zn, Ag  predicted by ref. [33]
T Conclusions
M 034 4
[
on
3 o | Sn—Zn—Ag alloys were directionally solidified upwards at a
I constant solidification conditions (G = 4.16 K mm_l,
Q —1\ - . . . ..
?§ 030 Vv =.41.5 pm s~ ) in a Bridgman-type qlrectlonal solidi-
& fication furnace. The results are summarized as follows:
028 1 1. The resistivities of the alloys linearly increased with
increasing temperature. The resistivity increased up to
0 T T 05 1o 15 20 25 3% 3.0 mass% Ag addition and decreased with the addi-
Ag content/mass% tion 10.0 mass% Ag. Sn—8.8Zn-3.0Ag alloy has the

greatest resistivity compared with the other alloys. The
AgZn; intermetallics occured in the Sn—8.8Zn-3.0Ag
alloy caused an increase in the electrical resistivity.
2. The variation of thermal conductivities of the studied
alloys with temperature was determined by using the

Fig. 10 Comparison of AC, obtained by the present work with the
AC,, values predicted by Ref. [33] for melting temperature
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Wiedemann—Franz equation. The thermal conductivi-
ties decreased with increasing temperature.

The solidus temperatures of the Sngy,_ x—Zngg—Agy
alloys (x = 0.15-3.0 mass%) and Sng;,—Zngg—Agio
solder alloy are 472.5 and 492.5 K, respectively. The
liquidus temperatures of the Sng; ,_x—Zng s—Ag, alloys
(x = 0.15-3.0 mass%) and Sng;,—Zngg—Ag;o solder
alloy are 477.5 and 499.5 K, respectively.

The enthalpy and the specific heat decreased with
increasing content of Ag. When the Ag content was
increased from 0.15 to 10.0 mass%, the AH and the
AC, decreased from 70.81 to 58.20 J g~ and 0.355 to
0.265J g~' K™, respectively.
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