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Abstract

Cu/Ni/Mg,Si thermoelectric bonded joints were prepared ie step by the spark plasma
sintering (SPS) method using Mg and Si powderotmfMgSi. The microstructure and elemental
distribution across the interfaces were determia@d, the formation of new phases at the interface
was investigated and related to joint propertiesiuding shear strength and contact resistancet Joi
formation was accompanied by the formation of teimary Mg-Si-Ni layers, an-layer with NpSi
as a precipitate next to Ni, and @Hdayer next to MgSi. The formation and characteristics of these
layers played a major role in determining the slstf@ngth and contact resistance. It was determined
that a reactive sintering temperatures in the rdig3-1053K with a 15-20 min hold time provided
the best properties. The maximum shear strengtiegbints obtained is 26MPa for samples sintered
at 1023K. For these samples the contact resistamse 1.44 recn’; the minimum value of
1.28mecn? was measured for samples sintered at 1073K. Lemg-thermal stability of joints was
also investigated.
Keywords: Thermoelectric Materials; SPS; Magnesium Silicidehear Strength; Contact

Resistance



1. Introduction

The predicted increase in energy demands glolpa]lwand the concern about environmental
degradation have prompted efforts to develop cleath sustainable energy sourd@s. In this
regard, efforts to identify and develop new enesgurces and to utilize waste heat have shown
significant potential benefits. Thermoelectric miegtks, as functional materials that can convert
thermal energy directly into electric energy, havevide potential application in generators and
coolers. The added advantages of such devices hatetlhey contain no moving parts, are

lightweight, small, and nearly vibration-frée-3].

N-type magnesium silicide (M§i) is a candidate thermoelectric (TE) materialrapipg in
the temperature range of 600 to 900 K. It is noittognvironmentally benign, and is relatively
abundant in the earth’s crgt6]. For an ideal MgSi-based TE device with a high-output power, a
stable and effective connection between the theleotrec material and the electrode is necessary.
Generally, the traditional electrode is made of-l@sistivity metals that can bond well with the TE
material. Metals such as copper, nickel, silver dimeir alloys are potential candidatgs8].
Because of its relatively low price, high electltiand thermal conductivity and a similar
coefficient of thermal expansion (CTE) to that o©g8i, copper is commonly selected as an
electrode with one or two metal inter-lay¢®s10]. The high cost of silver limits its applications a
an electrode or barrier material. And for the caisali, complex new phases that may form at the
Ni/Mg,Si interface complicate the relationship betweeartpssing and the contact resistance of the
product[8]. To enhance the output power and reduce the domgsistance, efforts have been made
to develop appropriate electrode materials for reagmm silicide [11-13]. Transition metal
silicides, such as CoSiCrSp, TiSk, and NiSi have been utilized as electrode matefiat the
n-type MgSi. A maximum output power of 153 mW was reportathvCoSp as the electrode,

representing an increase of 27% relative to theotiseckel at 600K 12].



Tohei et al.[9] utilized aluminum instead of a silver-alloy braiebond MgSi to Ni and
reported a shear strength of 19 MParrario et al[10] investigated n-type Mgi samples on
which metal contact§Au, Cu, Ni, Al, and Ti) were deposited by DC matyna sputteringDe
Boor et al.[8] have prepared Sb-doped p&j samples with Ni electrodes using a one-step
sintering technique and observed an intermediater lwhich consisted of different ternary phases

of Mg/Si/Ni and Sj2Ni3z1 which showed good adhesion to both the Ni electartkethe MgSi.

To ensure stable and long-life performance, itmipartant to determine the formation (amount,
morphology) and role (high-temperature evolutiorsarvice) of new phases at the interfaces of
dissimilar materials. Despite the abundance of mspon the bonding between nickel (and similar
electrode materials) and magnesium silicide byeddfiit methods, there is an apparent lack of
studieson the thermal stability of the interface, and abtsotheformation process of the new
phases and their effect on joint strength and abmé&sistance. In this study, Ni was selected as th
diffusion barrier and buffer layer between a Cwelede and MgSi. A Cu/Ni/MgSi ensemble was
fabricated by a one-step spark plasma sinteringS{Sftocess. The morphology, distribution,
composition of the new phases is investigated, el as the. shear strength, thermal stability, and

contact resistance.

2. Experimental Materials and Methods
The starting materials used in this study were powadf magnesiunkbOum, 99.5% pure) and

silicon €45um, 99.99% pure), a disk-shaped copper substaBdX0.3mm, 99.5% pure), and a
nickel foil (®20x0.05mm, 99.5% pure). All materials were obtaifrech Aladdin Co. in Shanghai.
The goal was to form a symmetric structure of CINNLSI/Ni/Cu in order to simulate the real
heat and current flow distribution. Powder mixtafemagnesium and silicon was weighed in the
stoichiometric ratio of 2:1 and then milled in aispeed ball mill (QM-3B) for 30 min with a
ball-to-powder mass ratio of 10:1. A fixed amourft the mixed powders, 2 g, was then

cold-pressed on top of a Ni/Cu couple and then waldy the other Cu/Ni couple to form a



structure of Cu/Ni/MgSi/Ni/Cu inside a graphite die. The pressed powust a relative density
about 60%. The ensemble was placed inside a geglatwith a 20.5 mm diameter. Two graphite
plungers were added to the two ends of the die;hatidling was done under an inert gas
atmosphere. Reaction synthesis and bonding weredayut in a spark plasma sintering apparatus
(SPS, Dr. Sinter Lab 211Lx) under a vacuum of 6[R#ails of the SPS method and its advantages

are provided elsewhere in a feature arti¢i.[

Samples were sintered at different temperature3, (923, 1023, and 1073K) for 5-30 min at a
pressure of 50 MPa. The temperature of the sampiess measured by a W-5%Re-W-26%Re
thermocouple (OMEGA, diameter 0.3 mm), which waacph inside a hole drilled in the graphite
die. The tip of the thermocouple was about 2 mnmftbe sample. The microstructure and phase
composition of the prepared samples were determinyedcanning electron microscopy (SEM,
JSMJEOL 6390) and energy dispersive spectrosco@S(EHKL). Contact resistance was
measured by the four-point probe methj@f] on the sample arrangement shown schematically in
Fig.1 (a). More details on this method are provided elsewh&ég The voltage measured across
the inner probes is used to calculate the®gnaterial conductivity, while the voltage acrdlke
outer probes provided information on the contadistance at the Ni/M&i interface. The
specimens used for this evaluation were 4xdwn in dimension, witlé being the thickness of the
sample, typically 4-5 mm. The shear strength of tkeulting joints was measured by a
microcomputer-controlled electronic universal tegtmachine (DNS200) with a head movement
rate of Imm.mift. The specimens used for this evaluation were 3#m in dimensiond = 4-5
mm). A schematic of this measurement is showRi@ 1 (b). For thermal stability investigations,
samples were sealed in evacuated silica tubesrarehied at 723K for 100, 300, and 600 h.

3. Resultsand Discussion

3.1 Properties of Joints

Although there are four interfaces in the symmetitsemble of Cu/Ni/Mgpi/Ni/Cu, we



focused on the two Ni/Mgi interfaces, ignoring the Cu/Ni interfaces. Thstification for this is
based on two reasons: first, observations in aipusvstudy{17] showed that the direction of the
direct current had no effect on the elemental diin across the interfaces in this symmetric
ensemble. Second, Cu and Ni form a solid solutieer dhe entire compositional limits, with no
intermetallic compounds. Additionally, the Ni failas sufficiently thick so that Cu atoms are not
likely to diffuse through to the Ni/Mgi interface, as will be shown later.

The temperature dependence of the shear strengththeninterface contact resistance of
Cu/Ni/Mg@,Si/Ni/Cu joints prepared at different temperatu(@23, 973, 1023 and 1073K) with a
holding time of 15 min are shown iRig.1(c). The figure shows a strong dependence of both
parameters on the sintering temperature. With amease in sintering temperature, the shear
strength increased to a maximum at 1023K and thesredsed, while the contact resistance
decreased continuously to a value of 1.28om’” at 1073K. These observations indicate that
sintering in the temperature range between 1023L868K appears to provide the best properties.

To explore the relationship between sintering terafge and the resulting properties, the
microstructure and phase composition of the Niy$ignterface of samples sintered at different
temperatures, excluding 923K, were investigatedn@es sintered at 923K had unattractive
properties and thus are not further considefegl2 (a), (b), and (c) show SEM images of samples
sintered for 15 min at 973, 1023, and 1073K, respely. The figures show two intermetallic
layers that formed at the Ni/M8i interface. EDS analyses of the regions indicétgdumbers in
Fig.2 (a) are listed inTablel.The results show that region 1 is pure Ni andamrg! is MgSi.
Region 2 contains two phases, a continuous phask day), determined as M®ji;Niq¢ (referred to
as then-phase) and a precipitate (lighter gray), deterchittebe NjSi. Region 3 is determined as
an Mg, Si, Ni ternary, designated by Song and VELI8) as then phase. The present results are in
agreement with the findings of these authors whestigated interactions in the Ni-Si-Mg ternary

diagram. We have used their phase designationsmbrk.



In Fig.2 (a) the thickness of the entire diffusion layer of tb@mple sintered at 973K is
roughly s5um, in which the thickness of thelayer is about gm and the thickness of thelayer is
about 1um. For samples sintered at 1023Kg.2 (b), the total thickness of the diffusion layer is
nearly 8&m. The increase in total thickness is due primddlgn increase in thelayer; thew-layer
appears to have not changed. Furthermore, th8i ldrecipitate in the\-layer increased, with an
associated change in its morphology from generatilated particles to a more continuous uniform
distribution. With the further increase in temparatto 1073KFig.2 (c), the thickness of the-layer
showed no increase but the,8li precipitates grew considerably, forming a camus network and
becoming a major part of thelayer. At this temperature, the-layer appears to have nearly
disappeared. The total thickness of the diffuseyet is approximately unchanged as the sintering
temperature increased from 1023 to 1073K.

Two possible explanations for the thickness evotuin the diffusion layer with temperature
may be considered: either thephase becomes thermodynamically less stable hehtgmperature
(1073K), or that the substantial growth of the pitate NpSi has been at the expense of dke
phase. By comparingig.2 (a) andFig.2 (b), we observe that the thickness of théayer is nearly
the same, but the amount of the precipitat&SNat 1023KFig.2 (b), is significantly higher than that
seen at lower temperatugg.2 (a). Thus, it is reasonable to discount the secondipitisy. And, as
indicated above, with a temperature increase fron3K9to 1023K, the thickness of the
n-layer increased while that of thelayer shows no significant change. This observatimlicates
that the growth of thg-phase is not due to the consumption ofdhghase within this temperature
range. We believe the growth of thgphase and the increase in the relative amounhefNLSi
phase is due to an increase in the diffusion afhkbugh then-layer and the Si through thelayer.
We suggest that at the highest temperature, 10tHgKdiffusion of Ni exceeds that of Si through the
o-layer with the result that the-phase is now being consumed by the formation efpitecipitate

Ni,Si. The implication of this suggestion is that tHieSi phase is thermodynamically more stable



than thew-phase at this temperature. We are not cognizardngf information on the relative
stabilities of these phases at different tempeeatur

While the presence of dispersed,8li is expected to contribute to higher strengtl, it
continuous net-shaped morphology can contributeclsdVy due to its brittleness. This is also
supported by preliminary shear fracture observatie made of samples sintered at 1073K. The
fracture occurred at thgw interface and expanded into tipdayer.

Based on the above analysis, we suggest that thken#ss of thew-layer plays a role in
determining the strength of the joint: the widee thtlayer, the stronger the joint. At the highest
sintering temperature, 1073K, thelayer is small and is associated with a lower sls&@ngth, as
seen inFig.1 (c).

The resistance measured by the outer prohgjdRgiven by

Riot = 2Reu + 2Ryi + 2R: + 2Ruicu + Rugzsi (1)

Where Ry, and R; refer to the resistance of the copper and nickgths, respectively, Rs
the contact resistance of the interface betweerNihand Mg@Si, Rvicu is the resistance of the
interface between the Cu and Ni layers, ang:Ris of the resistance of the Mg layer. Because
of the high conductivities of Cu and Ni and the Miuhterfaces, Eq (1) can be approximated by

Riot = 2R: + Rugzsi (2)

Rwmgzsiis calculated from conductivity measurement wité thiner probe oFig.1 (a), and with
the formation of the new phases between the NiMggbi layers on both sides of Mg, 2R~ 2
(R, + Ry) and thus,

Re= Ry + Ry ()

By comparing the microstructure and propertiesashgles prepared at 973Kig.2 (a), and
at 1023K,Fig.2 (b), we observe that the total thickness of the diffudayer had increased from
about 5 to about8n. This was predominantly due to an increase oftheyer since then-layer

was nearly unchanged. Associated with this chasigediecrease in the resistance, from 20 to 25 m



as seen irig.1 (c). This observation indicates that the main fadtat affects the contact resistance
is the nature (microstructure) of tlelayer and not its thickness. As seenFig.2, the n-layer
includes NjSi as a second phase. Thus, the decrease in negissaassociated with a change in the
amount and microstructure of the,Si in then-layer. As the temperature increased, thgSNphase
increased and became more continuous in morpholdblyg. effect of morphology is seen when
comparing the microstructures obtained at 1023K HdidBK, Figs. 2 (b) and 2 (c), respectively.
While the thickness of thg-layer did not show a significant change, the tasise decreased by a
small amount, which is attributed to the increas¢hie relative amount of the i phase and the
change in its morphology. The implication of theoa is that the amount and microstructure of
Ni,Si in then-layer contribute to a lower contact resistanctatNi/MgSi interface. The resistivity
of nickel silicide is reported to be less than faig,Si [12].

To provide justification for the suggested cornglatand to further investigate the formation
process of NiSi, experiments on Cu/Ni/M&i/Ni/Cu joints were carried out at 1023K with eifént
holding times: 5, 10, 15, 20 and 30 min. The rssaoftthese experiments are showrFig. 3 as
shear strength and interface contact resistanaendepce on sintering time at this temperature. With
an increase in sintering time, the shear strengtineased linearly while the contact resistance
decreased as sintering time was increased froml5 tmin and then increased as the sintering time
increased to 30 min. These results indicate thE8-20 min sintering time would provide the best
results for contact resistance.

The microstructures of the diffusion layers resgjtirom holding the samples at 1023K for 5,
15, and 30 min are shown kigs. 4 (a), 2 (b) and4 (b), respectively. The figures show the presence
of the two intermetallic layersj-layer, with the NiSi precipitate, and the-layer. The thickness of
the former is greater than that of the latter,raBcated above. With an increase in sintering time,
little change in the thickness of thdayer was observed, with a typical value of al®um, but the

amount of the precipitate p8i increased. However, while thelayer remained nearly constant,



the thickness of the-phase increased markedly, from about 0.5 to 120Gam for a 5, 15, and 30
min hold, respectively. This observation indicatest, at this temperature (1023K), the formation of
the NpSi phase is not at the expense of dhphase, implying that the latter is thermodynanhycal
stable relative to NBi at this temperature. These results further stiatthe increase in thickness
of the o-layer with holding time is associated with an gase in the shear strength with holding
time, as seen iRig. 3.

The observations discussed above suggest thatdhiact resistance is decreased by the
formation and microstructure of the JSi phase and is increased by the formation ofatHayer.
The shear strength on the other hand is enhancdteldgprmation of the-layer.

Several studies have been reported in which coméststance was determined for pure and
alloyed Mg@Si. Nakamura et aJ19] used a commercially prepared &g powders which were then
milled and sintered and obtained a contact resistéwith Ni electrodes) of 0.5 nf.cn?, a value
in reasonable agreement with that obtained inghidy, 1.28 rf.cn?. Sakamoto et a[12], using
commercial MgSi obtained a contact resistance of 0.98.ont on samples with Ni electrodes.
However, in studies using alloyed b8}, the reported contact resistance is signifigalativer: 4.4
pQecny reported by de Boor et al. for Sb-doped,Bid8] and 5.5 |@.cn¥ reported by Thimont et al.
for Bi-doped MgSi [15]. In contrast to the previous studies identifiedehéhe synthesis of M§i
(from elemental powders) in the present study wasedimultaneously with the process of bonding

to the Ni and the electrodes.

3.2 Effect of Long-Term Annealing on the Perfor mance of Joints

To investigate the effect of long-term thermal alimg on the stability, shear strength, and
contact resistance of prepared joints, sampleshwiéd been sintered at various temperatures were
annealed for up to 600 h at 723Kg.5 (a) shows the effect of annealing time on the sheangth
of samples sintered at various temperatures Fam8 (b) shows the corresponding effect on contact

resistance. In both cases the data for the sanmmplesto annealing are also included. The shear



strength of joints increased after annealing fd hGhen decreased with longer annealing time; the
maximum value of the shear strength was for sangtgsred at 1023K. The trend with sintering
temperature is analogous to that for samples thdtrot been annealed. The microstructures of
samples sintered at 1023K and annealed at 723K0@r 300 and 600 h are showrFigs. 6 (a), (b),

and (c), respectively. A comparison between these miasosiires and those of samples before
annealingFig.2 (b), shows that the thickness of thdayer had increased fromuth to 3um after
annealing for 100h, providing support to the cosdno that a well-developed-layer enhances
shear strength. However, it can be seen that lomgeealing time results in the formation of cracks
within the o-layer and near the boundary between this layerthed-layer, as can be seen from
Figs.6 (b) and(c).

Figs.7 (&) and (b) show a SEM image of a fracture surface and th&-beattered diffraction
(BSD) image of the surface, respectively. The BBiage indicates the fracture surface is nearly all
composed of Mghi with small amounts of phases approximating t@mositions of the; and®
phases. These results imply that fracture occuwigicin the M@Si layer or near to the M§im
interface. However, when the annealing time wasegmed to higher values (300 and 600 h), crack
formation was observed, as indicated above. Thadtion of cracks with longer annealing time may
be due to a relaxation time needed to accommod#&reices in the coefficients of the thermal
expansion (CTE) between theandn-layers. Or possibly that the transport of Si atahtsugh the
o-layer is slower relative to that in thyelayer, a circumstance that would lead to vacaocsnétion
near then-layertw-layer interface. The presence of cracks is betlgeebe the cause of the observed

decrease in the shear strengiiy.5 (a).

Fig.5 (b) shows the effect of long-term annealing on the @cintesistance of samples sintered
at different temperatures. In all cases the rastgtancreased with annealing time. The increase is

believed to be due to the growth of theayer, and also due to the presence of cracks.

3. Conclusions
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Joints of the thermoelectric ensemble Cu/NigBigNi/Cu were prepared and bonded in one
step by the SPS method using powders of Mg and &irtn MgSi. Joints were made at different
temperatures and for different holding times. Twages formed at the interface between Ni and
Mg,Si: then and o ternary phases. The former containedSNias precipitate. Microstructural
observations showed that the contact resistandedseased by the growth of thdayer with its
Ni,Si precipitate, and increased by the growth ofdHayer. The growth of the-layer enhanced
the shear strength. Samples sintered for 15 mif®28K provided the optimum shear strength and
contact resistance. An optimum shear strength ofitP0 MPa was achieved for samples sintered at
1023K for 15 min, and a concomitant contact resisteof 1.44 re.cnt.

The stability of the joints was investigated bydeterm annealing at 723K for a maximum of
600 h for samples sintered at various temperatdmasealing of samples sintered at 1023K for 100
h resulted in an increase of the shear streng®#3 thlPa and an increase in the contact resistance to

3.7 m.cnt.
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Table 1. Results of EDS analysis of the five numbered regionsin Fig.2 (a)

Region No. Ni/at% Mg/at% Si/at%
1 99.7 0.2 0.1
2 51.13 19.25 29.62
3 32.62 28.09 39.30
4 1.0 73.2 25.8
5 60.54 5.65 33.82




Figure Captions:

Fig. 1. (a). Schematic configuration of contactgesice measurement.
(b) Schematic diagram for sample shear strength measatedimensions are 7 mmx7 mm.
(c) Shear strength and contact resistance of Cu/Ni#Vigints formed after 15 min sintering at
different temperatures.

Fig. 2. SEM images of Ni/Mgi interfaces after sintering for 15 min at diffieréemperatures: (a)
973K, (b) 1023K, (c) 1073K. From left to right thayers are: pure nickel-layer which is
composed of thg-phase (dark gray) and precipitates ofNli(light gray),o phase, and M&i.

Fig. 3. Effect of sintering time on the shear ggtenand contact resistance of Cu/Ni/f8gjoints
formed at 1023K.

Fig. 4. Microstructure of Cu/Ni/Mgpi interfaces formed at 1023K with different holglitimes: (a)
5 min, (b) 30 min.

Fig. 5 Effect of annealing time at 723K on: (a) ahatrength and (b) contact resistance of
Cu/Ni/Mg,Si joints sintered at different temperatures fonis.

Fig. 6. Microstructure of the Cu/Ni/M8§i interface sintered at 1023K after annealing2®8K7for (a)
100 h, (b) 300 h, (c) 600 h.

Fig. 7 (a) SEM image and (b) BSD image of a fraesurface of a sample sintered at 1023K for 30
min and annealed at 723K for 100 h.
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Fig. 1. (a) Schematic configuration of contact resistance measent.(b) Schematic diagram for
sample shear strength measurement: dimensionsranex?7 mm. (c) Shear strength and contact
resistance of Cu/Ni/Mgpi joints formed after 15 min at different tempearas.



Fig. 2. SEM images of Ni/Mgi interfaces after sintering for 15 min at diffieréemperatures: (a)
973K, (b) 1023K, (c) 1073K. From left to right thayers are: pure nickeh-layer which is
composed of thg-phase (darker gray) and precipitates ofSN{lighter gray)m phase, and M&i
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Fig. 3. Effect of sintering time on the shear ggtenand contact resistance of Cu/Ni/f8gjoints
formed at 1023K.
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Fig. 4. Microstructure of Cu/Ni/Mgpi interfaces formed at 1023K with different holglitnmes: (a)
5 min, (b) 30 min.
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Fig. 5. Effect of annealing time at 723K on: (a)eah strength and (b) contact resistance of
Cu/Ni/Mg,Si joints sintered at different temperatures foni.



Fig. 6. Microstructure of the Cu/Ni/M8§i interface sintered at 1023K after annealing28K7for (a)
100 h, (b) 300 h, (c) 600 h.



Fig. 7. (a) SEM image and (b) BSD image of a frex8urface of a sample sintered at 1023K for 30
min and annealed at 723K for 100 h.



