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ABSTRACT

The market demand for aluminum brazed exchangeasrinonditioning and refrigeration industry is tionally
growing owing mostly to the cost and weight savinfigluminum materials, with undisputed compactreess low
charge. Manufacturing of aluminum heat exchangeguires reliable metal bonding technology to jagether
various components, such as tubes, fins and heaaleifolds. Controlled atmosphere brazing (CAB) lofr@inum
is the state-of-the-art technology for mass pradacbf compact aluminum heat exchangers. Traditipnéhe
development of a brazing process relies on tria arror in practice. However, modern manufactunimgcess
requires good understanding of scientific pringpiavolved in the brazing operations. It is wellokmn that a
brazing process is assisted by the capillary fléwguoiid filler metal on the base surfaces of vasdeat exchanger
components. Therefore a good understanding of tiieemflow behavior on aluminum surfaces is criticequality
assurance of the brazed heat exchangers. Cagitbarypccurring at high temperature level duringZing is usually
much more complicated than the wetting in an isggtem with a smooth solid surface. For example fidw of
liquid is not only controlled by surface tensionde, but also influenced by interactions betwegqnidl and base
metal materials. In addition, the metal surfac@edit exchanger components to be brazed is usualignmooth due
to the fabrication process such as extrusion dcblat rolling. In this paper, the phenomena closelated to liquid
filler metal wetting behaviors on base metal witiffedent surface morphologies are presented. Erpemtal
facilities such as heating stage microscopy systachtransparent furnace are used to visualizeagh#ary flow of
molten filler metal under typical CAB brazing cotidns. The influence of the base metal surface tmaggy on
wetting behavior as well as brazed joint quality axamined, assisted by metallographic analysig-gblidified
brazing joints. The physical and chemical phenonienhe interaction between liquid (molten flux diiltbr metal)
and solid (base metal) are described. The results this study provide useful insights on how mateselection
and surface treatment can affect the brazing psomed brazed heat exchanger quality.

1. INTRODUCTION

Aluminum and its alloys are good material choices lieat exchangers. The cost savings with alumitgm
promoting the substitution of copper with aluminimmmany industrial applications. One of the trentserved in
the Heating, Ventilating, Air-Conditioning and Rigirating (HVAC&R) industry is to replace the tradnal
copper heat exchanger products with aluminum heatangers. Brazing is a preferred method for mectufing
aluminum heat exchangers owing to the followingadages: (1) various components such as tubes, dimts
headers can be joined simultaneously in a furnaagry process; (2) the metallurgical bond provigesd sealing
and mechanical strength; (3) brazing takes plaerabderate temperature which would not signifigadégrade
base material properties. Since the early 1988%ralled atmosphere brazing (CAB) has been sufidgsssed in
manufacturing automotive aluminum heat exchangé&hg process is highly cost effective when a comtirsu
furnace is used for mass production. It is wellwndhat a brazing process is assisted by the eapillow of liquid
filler metal on the base surfaces of various hgahanger components. Figure 1(a) illustrates arsetic of micro-
channel condenser that includes three major conmiendl) headers; (2) extruded micro-channel tul{ay;
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louvered fins. Figure 1(bjllustrates the formation of joints between théefilmetal claded fins and a base plate
during CAB brazing in a transparent lab furnace.

|
SRR e L e . ST E PR SE)
(a) A microchannel denser (b) joint fotioa between fin and base plate

Figure 1: Manufacturing of aluminum heat exchanger using GA&ing technology

When an aluminum heat exchanger is manufacturefdrmace brazing, all joints between various compisare
formed simultaneously. A good understanding oftttadten flow behavior on aluminum surface is criticaquality
assurance of brazed heat exchangers (Ztab, 2012). One of the important issues that are @kskein aluminum
heat exchanger brazing is the dissolution and enosf base metal by liquid filler metal. During birag, flow of
molten metal occurring at a high temperature |€asbund 600 °C) involves interactions between bigand solid
base metal materials. Studies have shown thadlifiiér metal from a header/tube joint locatiomdéow over the
surface of the tube and arrive in a fin/tube joadation. The liquid metal will dissolve certain aumt of the tube
wall material upon contact. When the filler mefalfs away, a significant reduction of the tube vihltkness is
expected and may lead to detrimental failure of tleat exchanger (Solvay Fluro, 2013). In some ¢dtes
believed that the cause of such undesired filletah@verflow is related to the die lines on extrddabe surfaces
(Solvay Fluro, 2013). Such phenomena indicate bizse metal surface morphology will influence molteatal
flow during heat exchanger brazing process. Studi@® shown that certain rough surface conditiotisle@ad to
extensive spreading of the filler metals in botlmaihum brazing and copper soldering (Yastl., 1995; Zhao and
Sekulic, 2009).

In practical applications, heat exchanger surfazas hardly be smooth or have consistent surfaceirexand
roughness. Various surface morphologies may exist t different manufacturing, machining and clagni
processes. Figure 2 illustrates a sessile dropingetest of an AA4343 (Al-8wt%Si) filler metal disglmm
diameter) on a piece of AA3003 plate (~10x10x0.4)mriny rolling marks on this AA3003 plate can liemtified
when the plate is examined using a microscope.sahle is placed in a heating stage chamber tlcahtsnuously
purged with Ngas. The melting and spreading process of the filletal at a high temperature level around 600 °C
is captured by a video camera attached to a miopescImages of liquid metal wetting process ateaeied from
the video, as illustrated in Figure 2(b)&(c). Itfeund that upon melting, the bulk liquid spreadshva relatively
circular shape. However, some surface groovesiamgltaneously attracting liquid by capillary foremd lead to
more extensive spreading at random locations. hibtsdifficult to imagine that such irregular suréapatterns can
cause unexpected distribution of filler metal dgranbrazing operation.

In this paper, a preliminary study of liquid fillenetal wetting behavior on base metals with diffiereurface
morphologies during aluminum brazing is presentédntrolled atmosphere brazing (CAB) experiments are
performed using a transparent furnace under tyf@iée® brazing conditions. The influences of basdahsurface
patterns on wetting and joint formation processdmsely examined and compared with theoreticalisgirelated

to rough surface wetting (Bicoet al.,2001; De Gennes, et al., 2004). Metallurgical examination of brazed joint
using optical microscope is performed to assistriderstanding the interfacial reactions duringghhiemperature
wetting process.
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(a) filler metal disc on AA3003 plate (b) iritimelting of the filler metal  (c) extensiversading of filler metal

Figure 2: Wetting test of Al-Si filler on AA3003 surface

2. MATERIALSAND EXPERIMENTS

2.1 Aluminum base alloys and filler metal

In this study, coupon plates of two types of alwmmnalloys are used as substrates for brazing t€4)sAA3003
alloy that contains Mn (~1.2 wt%) as major alloyiglgment. (2) AA6061 that contain Mg (~1.0wt%)adisying
element. Both alloys are commonly used as heatasggr materials. The Mg bearing AA6061 alloy is enoften
used in a vacuum brazing process. It is generalyconsidered as a good candidate for CAB furnaegitg
because the high Mg content in alloy AA6061 leadix “poisoning” effect at elevated temperatu@a(cia Juan,
et al., 2010). The wetting of filler metal on AA6061 allss/generally poor. The use of AA6061 alloy in teiady is
to explore how the change of surface morphology m#iyence wetting behavior in a poor wetting systé.e., the
contact angle on a smooth surface is much larger tlero). Base plate coupons are cut from comnilgreieailable
sheet with a thickness around 0.8mm. A plate wihk [s” surface condition is used as baseline tesenmal.
Changes of surface morphology on both alloys aceraplished by sandblasting on one side of the coygate.
The sandblasting media is alumina bead. Due towtde application of AA3003 alloy in CAB brazed hea
exchangers, an AA3003 coupon plate was also grindesiC paper to generate a surface pattern thairs small
parallel grooves on the alloy surface. Before bmgziall coupon plates are ultrasonically cleanegrevent any
surface contamination that may influence the fiftetal wettability.

In this study, AA4047 (Al12wt%Si) alloy that hagreelting point of approximately 577 °C is used dgrfimetal.
The filler metal is supplied in the form of a tHioil that has a thickness of 0.1mm. This eutediierf metal is
commonly used in aluminum brazing where good flalitslis essential for the brazing operation.

2.2 Experimental facility and sample assembly

Experimental studies of CAB brazing are performsitigian in-house built transparent glass furnahe.flirnace is
equipped with a transparent chamber that providesal access for real-time observation of a brazimaress.
Heaters are controlled to provide a uniform heatorghe brazing sample. A tightly controlled ingets atmosphere
ensures oxygen depleted environment during braZiggical ramp rate and peak brazing temperaturaret@®00
°C for a CAB furnace process are adopted in thesedsts.

The wedge T joint assembly is used throughoutghigy. A side view of the basic sample set-uplisttated in
Figure 3. An AA3003 plate (~30mm x 25mm , as idaee condition) is used as horizontal plate fortedts. One
surface of the vertical plate (AA3003 or AA6061)smaeated by sandblasting or abrasive grinding. AA4047
filler metal foil is located between the horizontaid vertical plates. Non-corrosive fluxes wereligg on both
filler metal and substrate surfaces to ensure ategemoval of oxide film on metal surfaces durimgzing. All
sample parts were cleaned and fluxed before expimstte heating process. A video camera was usedfture
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filler metal melting and joint formation process.
Furnace heating

R ER

Al plate Video camer

«— Surface with [l:l

rough texture

Filler metal

AA 3003 plate

it

Figure3: Experimental set-up using a transparent glassmte

3. RESULTSAND DISCUSSION

3.1 Filler metal flow behavior on AA3003 plate

For comparison purpose, a wedge T brazing testguai3003 plate with “as is” surface was first perfeed.
Figure 4 illustrates the evolution of the menisfarsned by molten metal between the horizontal aertical plates.
A clear movement of the triple line (boundary betwdiquid, solid and gas phases), as illustratedrigure
4(b)&(c), can be observed. In a following experitnas presented in Figure 5, one side of the véniede surface
morphology is altered by a light grinding (in vesl direction) which leaves a consistent grooveepat During
brazing, the bulk liquid metal formed a meniscusMeen the horizontal and vertical plates. At thmsdime, many
small liquid branches were climbing along the stefgrooves; see Figure 5(b). The capillary risgoate locations
can be higher than 5 mm at peak brazing temperasae Figure 5(c). Apparently, a simple grinding tbe
aluminum surface changes the wetting behaviorllef finetal and leads to the extensive flow of alspartion of
the liquid beyond the bulk joint area. These grigdines may be considered as randomly distrib(lbet along the
same direction) micro-grooves. Liquid metal is dnanto these grooves by capillary action. In soineuenstances,
such an extensive spreading of liquid metal mayrgesirable because the grooves provide passéififometal
flowing away from designated joint location. Thecantrolled flow can lead to serious consequenceh 88 base
metal erosion and microchannel blockage. Therefiie,surface pattern generated in heat exchangepaent
fabrication process (e.g., extrusion, rolling aratchining) should be carefully examined before ttazing process.

(a) onset of filler melting  (b) onset of mensics formation ) jéint formation

Figure 4: Wetting of eutectic filler on as is AA3003 surface
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(a) onset of filler melting  (b) onset of mensics formation jéint formation

Figure5: Wetting of eutectic filler on grinded AA3003 suwéa

Sandblasting on aluminum surface provides a quitkeasy method to generate a relatively uniforngincsurface
pattern. It is important to understand liquideillmetal wetting behavior on such surfaces becsasdblasting is
commonly used in cleaning and surface treatmennfetal components. However, the impact of suafase
treatment on the manufacturing process is ofteorigph In this study, a vertical AA3003 plate thas the surface
sandblasted is used in a wedge T joint formatigregrment. The experimental result is illustrated-igure 6. As
usual, the bulk liquid gradually forms a menisciuetween the horizontal and vertical plates duringzimg.
However, it is interesting to observe how a wickptgenomena of the liquid metal by the rough surfakes place
(Figure 6(c)). In this case, the capillary risefiier metal on the rough surface is much more amf than the
random distribtion on the grinded surface. A capyllrise around 4mm is observed at the peak braemgerature.
Similar phenomina of capillary rise on rough suefadn a non-reactive wetting system have been tegpadn
literatures (Bicoet al., 2001; De Gennest al., 2004). Theroetical study (Bia al., 2001) has predicted a square
root relation between the wicking height and tinyeabbalance between surface tension and viscouaedpA final
heighth of the capillary rise was also predicted by bailagp¢he surface tension and gravity forces (Bital.,
2001):

h=y/ pgd(cosd - cosh,) Icosb, )

Wherey is surface tension of the liquid,is densityg is a height related to the rough feature of théase,d is the
equalibrium contact angle of the liquid on a smostitid surfacegc is a critical parameter that equals to the
maximum contact angle for the imbibition on a rowsginface surface taking place, i.e.:

6<6, with cosf, = 1-

2
r—og @

Whrer andgs are parameters related to the surface morphologythe surface roughnesss is the solid fraction
remaing dry during imbibition. Although no measuesthdata of these parameters are available foecustudy,
simple calcuations can be performed by estimatomges moderate values, e.g., assumind.2 and ¢s=10%, &

=0.1mm (radius of the alumina bead), a#d0 (due to good wetting of eutecic Al-Si filler metah AA3003
surface). According to Equation (1), these assumethce parameters can result in a final capitesh of the

order of magnitude of 1 m, if the rough surfasémersed in a large reservoir! However, theseiptieds are
based on an inert wetting system in which chmicahgositions of both liquid and solid are unchangElde
wetting behavior of liquid filler metal on base mlesurface may follow the theories for non-reacimegting at the
initial stage, but the inevitable interaction betwdiquid metnal and base metal will lead to changematerial
compositions and properties. More sophiscated tiesranalysis is needed to build models that suiable for
flow behavior during a brazing process. Figure Gwsha microscope image of a crossection of thalidifsed joint

(obtained through a series of metallurgical procesincluding sample cutting, mounting in expoxsimepolishing
and chemical etching). The dotted lines illustfadev the interaction between liquid and solid hasttesignificant
substrate dissolution during brazing.

15" International Refrigeration and Air Conditioning@erence at Purdue, July 14-17, 2014



2461, Page 6

(a) onset of filler melting  (b) onset of mensics formation

c) jéint formation

Figure 6: Wetting of eutectic filler on sandblasted AA30QBface

Figure 7: Cross section image of resolidified joint afteazing

3.2 Filler metal flow behavior on AAG061 plate

AA6061 alloy has good mechanical strength and nmadiility. However, the high Mg content makes it wer
difficult to be brazed in a CAB furnace processnén-wetting (i.e.9>n/2) result of molten filler on the AA6061
alloy is generally expected. Recent developmenhefCs bearing flux has effectively improved thetelglity of
filler metals on Mg-bearing aluminum alloys (Gardizanet al., 2010). Partial wetting of filler metal (i.e., @<n/2)
on the AA6061 alloy may be achieved, but the cdraagle is still quite large when compared to tbedywetting
system uses AA3003 alloy as substrate. A wedgeint formation on an as is AA6061 vertical platefaae is
illustrated in Figure 7. It is important to studyhether a change of surface morphology has any impadhe
wettability of filler metal on AAG6061 alloy. A wedgT joint formation experiment is arranged so tbdiwal plate
is an AA6061 alloy and the surface is treated wéhdblasting to generate a homogenous roughne&3s b®aring
flux was applied on the sample to assist brazihgs found that the meniscus formed on the AA60&itep(see
Figure 8(c)), is much smaller than the meniscuméat on an AA3003 plate. No imbibition of the liquitktal to
rough surface texture can be directly observedcoAding to Equation (2), the wicking of liquid byr@ugh surface
will occur when the equilibrium contact angléon a smooth surface) is smaller than the critigdiedc. In 3.1, it
has been estimated that a surface with a modevaghness has the critical contact angle value aréan /5.
Such a critical angle is probably too small for ibition to take place on the sandblasted AA606byalurface.
The observation from current experiment seems teeagith the theory presented by Equation (2). elmy, a
more detailed observation of the wetting behavioa anicroscopic level will be useful to confirm thithere is no

wicking of liquid metal by rough surface structume the AA6061 alloy. The future study will be perfeed using a
heating stage microscopy system.
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(a) onset of filler melting  (b) onset of mensics formation jéant formation

Figure 7: Wetting of eutectic filler on as is AA6061 surface

(a) onset of filler melting  (b) onset of mensics formation jéant formation

Figure 8. Wetting of eutectic filler on sandblasted AA60Gkface

3.3 Discussion of rough wetting in aluminum brazing

Wenzel’s theory (Wenzel, 1936) on rough surfacdingthas predicted that the increase of surfacghmess can
only improve wetting when the liquid is wettable the smooth surface. That isdf is the apparent contact angle
of the liquid on a rough surface, atis the contact angle of the liquid on a smootliemer,6* < only whend<z/2.

In addition, a recent study (Bico et al., 2001 )diets that wherd is sufficiently small §<éc), the rough surface area
ahead of the bulk liquid triple line is “wetted” lay thin film of liquid, as illustrated in Figure&@( In this case,
cosd* = 1- ¢s (1-cosh). Wetting is improved by the existence of such a filet (6*<0, except wherg=0). For
aluminum brazing, experiments presented in 3.ligosfthat imbibition on rough surface occurs incad wetting
system where equilibrium contact anglés close to 0. Bico’s theory (Bioa al., 2001) also predicts that when the
contact angl® on a smooth surface is relatively large so thedc, the rough surface will be dry beyond the contact
line of the bulk liquid, see Figure 9(b), which seeto interpret the observation from the experingesented in
3.2. The apparent contact angle Figure 9(b) isipted asicosg*=rcosh. It is expected that the relation betwe&&n
andé in the reactive wetting system (such as in alumitwazing) will not be the same as in a non-reactvetting
system. However, the quantitative values for ccndagles are difficult to measure in current ekxpental set-up.
A precise sessile drop technique will be used &duate the contact angle in future study.

(a) liquid imbibition by rough surface (b) dry surface before the tiiel

Figure 9: lllustration of apparent contact angieon a rough surface (Bico et al., 2001)
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4. CONCLUSIONS

In this paper, wetting behavior of liquid filler ta¢ on aluminum alloy surface is experimentallyds¢éa. The main
objective is to understand how the change of nsetdhice morphology will influence a CAB brazing pess. It was
found that in a good wetting system where AA3008yais used as base material, wetting behaviorcufid filler
meal is very sensitive to the change of surfacephmogy. A surface with moderate roughness gengrhte
abrasive grinding or sandblasting can lead to gneagling of a liquid film ahead of the bulk liguriple line. Such
extensive film spreading can be related to filleatah flow control issues in heat exchanger manufagy process.
In the case where the Mg bearing AA6061 alloy ieduss base metal, the surface roughness generpated b
sandblasting does not show a significant impactfiller metal flow. Such properties may be utilizéd brazing
when extensive flow of filler metal need to be alem. In future studies, the correlation of filleetal wetting
behavior with precisely controlled rough surfacdtera will be explored. Quantitative measuremamissurface
roughness parameterns ¢s) and liquid contact angle,(6*) need to be collected to build a proper modelrémigh
wetting in a reactive wetting system in aluminurazing.

NOMENCLATURE
h capillary rise (m)
g gravitationaktateration (ms
r surface rougsme
s solid fraction
P density (kgfn
Y surface tension (N/m)
Il viscosity (Pas)
0 contact angle (radians)
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