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Abstract

This work covers two majgrojects aimed at increasing quality and efficiency on a high
mix, low volumesurface mounglectronics production line. Specifically the installation of a ten
zone reflow oven andn enhanced changeover method for SMT pick and place machiriet.
description of thesprojects igpresented along with rationales datkground on their real
world implementationsThe transition from a five to ten zone reflow oven represents many
opportunities for reflow soldering quality improvements. Specifics about the enhanced profiling
abilities gained with the longer oven are explored and results from the overatitsiaite
presented. To increase SMT line efficiency various changeostonts are discussed. The
Ahot swapo method, a somewhat new and unknown
from animplementation ofhefi h ot s wa p omethdédane diseussed rAdditional

productive enhancements to the strategy are gegpo
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Chapterl: Introduction and CoachComm Background

1.1 The Business

CoachComms a sports communications technology company located in Auburn, AL.
The canpanywas founded in 1991 by Peter AmdSoachComndesigns, manufactures, and
sells secure wireless communication systems. The company began marketing to foothall teams
supplying the communications equipment needed to facilitate communication beiciadiee s
and press box coaching staff. The companyalesfound applications for its technology in
other industries and is preparing to release a 900MHz variant of one popular 2.4GHz product. A
fair amount of growth is expected oveethext few yearssaa result. The company also
provides sports target video products. These pro@duetpecifically tailored for use by high
school and college coaching staff. Their main use is in practice video review and in creating
highlight reels for player recruitent. Over the past few years the company has seen a huge
amount of market growth. In addition the company has introduced 3 new major pdcets

2008

1.2 Manufacturing

CoachComm has been manufacturing their electronics assemblies in haosejfly 8
years. They currently produce seven different product families which requir8@distinct
electronic assemigls. CoachComm operates a full surface mount technologiiar
electronics manufacturing line which includes a solder paste printingimea¢wo component

placement machines, and a reflow oven. These machines are currently in a series configuration

inthe orderlistedThough CoachComm does not manufacture



do assemble the units at the same locatiore fatility also includes a full service repair and
service center. The entirety of the manufacturing operation is houséarge avarehouse
behi nd t he c.olmadtonodnanufactufingtiteevarehouse contains some

offices, the stockroomandthe shipping department

1.2.1 Manufacturing Issueand Project Setup

At the onset of this project CoachComm was facing a number of production
issues.These challenges were mostly related to quality and efficiency on the surface mount
electronics agsnbly line. The company had experiencealid growth over the past few years
and was expecting this trend to continue into the foreseeable flthi®esustained increase in
demand was beginning to put i ncr easudurimgr essur
operation. If production efficiency could not be increased, CoachComm was faced with the
possibility running Addinguorthese jssuss wasrithe gecemt gagsitibnar b
of the majority of t h-teesotdenphisswitchsvasdaviege mbl i es t
dramatically negative effects on the quality of the reflow soldering operafionsequently, any
increases in production efficiency or demand volume caused greater amounts of istibek.
onset of the project, it wadear that both quality and efficiency solutions would need to be
implemented in a concerted manné&rhi s woul d be no simple task a
tight and many industry standard solutions for these production issues would not be fiscally
reponsiblee A compr ehensive understanding of CoachCo

corporate environment would be necessary to ensure thesswafcany improvement projects.



A production improvement team was assembled to see these tasks thifbagham
corsisted of the production supervisor, manufacturing engineer, chief operations officer, and
director of IT. The majority of the project @ark was performed by myself and
NamoVijayakumar, another graduate student working at the facilipersonally condeted all
of the researchHowever, Namo assisted me greatly in setting the profiles, taking data on
boards, repairing the new oven, and getting it into the production line. The production team
aside from Namo and myself largely functioned as a suppdraproval teamThroughout this
work it was importanto ensure the continued support of this student project by diligently
working on the CoachCommés most high priority

At the beginning othis workat the facility it was made clear thaetmstallation of a
new reflow oven and working to reduce setup time on the electronics manufacturing line would
be the two highest priority projects. The installation of a new reflow oven was something which
the company had desired for quite a whilecohnection made possible by Dr. Evans ensured
that such an oven could be procured withindbmpanies budget constraints. The decision to
work specifically on reducing changeover times for line production was based on some data
collected as part of a pr@usly completed senior design project at the facilitire senior
design project pointed out that CoachComm was spending 2 to 3 days per month of production
time performing line changeoverslo production assembly was possible during downtime
This dda was verified and it was proved that downtime due to changeovers was an area ripe for
improvements. The rest of the senior design project was somewhat flawed and the solutions it
offered were proved poor at best. However, it did point out the arémofeovers as a good
place for improvements and this was made one of the top priorities for me to look at in my time

at the company.



Chapter2: Literature Review

2.1 Surface Mount Electronics

Surface mountechnology, SMTelectronics assemblg the prelominant form of
electronic circuit constructioworldwide today[1]. A completedsurface mount electronics
assembly has three mangredients: the printed circuit board or PCB, solder paste, and the
functionalelectrical components which must be connected. TheiP@Bomplex rigid
assembly ofnany layers. The top and bottom of the PCB are covered in metal contacts. All of
thefunctional electronic components will b&achedo these padsA tangled highway of
copper runs through the interim layers of the PCB, making all the necessary connections between
the electrical componentsSolder paste is a mixture of flux and tirplder particles whicldue
to its tackiness will hold the components on the board during assembly. Duringselti®sing
the pastevill be heated until it becomes a liquid; once cooleskitves as the both the physical

and electrical connection betwette functionalcomponents and the PCBhe electrical

Figure 17 USB Flash Memory Assemblywikipedia
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components are the pieces of the assembly which facilitate and determine its fuhlcésa.
include integrated circuits, capacitprssistors, switches, and ariedy of other important
components Figurel is aphoto of a completedNBT electronics assemhlyThis particular

assembly is a USB flash memory drive.

The SMT production process generally consists of three distinct steps: solder paste
printing, component placemerndsolderreflow [2]. At the beginning of the SMT production
process, the bapinted circuitboardenters the solder pastdrging machineAfter some
processing the board emerges with solder paste deposits precisely aligned on its surface
interconnect pad@]. Next, the PCB enters the component placement machirt@is
processing step the board is populated with the electrical components necessary for its function.
To finalize the product, the entire assembly is carried through a reflow[4jvemhis oven
raises the solder paste above its melting temperature and secures the components to the board.
The improvements discuss in this work deal with component placement and reflow. As such

they will be explained in greater detajl].

Solder Paste Printing » Component Placemen)  Reflow Soldering

Figure 2 - SMT Processing Steps

2.1.1Component Placement
Component placement &highly complexprocess thamust be completed flawlessly for
the final assembly to function correctlipuring component placement| af the functional

electonic components must be precisely plaaetheirspecific locations. It is not uncommon



for a single assembly to have tens or hundreds of passive devices which are 0.4mm x 0.2mm in
size or smaller.The reflow and solder paste printing steps of the $¥bHuction process are
completed on a per panel basis. One cycle of a given machine will complete the entire board. In
contrast, during component placement each component must be placed on the board individually.
In almost every case component placemepitesents the process bottlenfglk Consequently,
AThe placement machine i s the maosutface mport ant
mounting. It absorbs the highest capital investreend it also determines the overalbaomy

of manufacturing[1]. All these factors have creatgdeat profit potential fonew procedures

designed to increase component placement sp&led byproduct of this is a highly competitive
market with astratified landscape of component placement machiApproacheso compment
placement vary widely between machine vendorsemetibetween modelsom the same
manufacturer. However, there are some unifying characteristics which are shared between

almost all placement machines.

Irrespective of the approach being taken tmponent placementhere are ertain
unwavering aspects tliesemachines. All component placement machines contain: one or more
placement heads, a board stop or circuit board table, a tooling candezomponent feeder
mounts. Circuit boards entertimachine and are lifted or stopped onto a table. Next, utilizing a
vacuum nozzl¢hese machines sequentially pick up components one at a tima tragor
feeding device ofome sort The components are then individually inspected, aligned, and
placedon the PCB. The placement machine is equippedseNkraihozzles of various
materials, sizes, and shapes. Each of these nozzles is suaquhfticular type of component

and the machine has a tooling carrier to hold nozzles which are not lfumeninted to the



placement headAnother unifying characteristic between these machines is the delivery method

of the components which they place.

capacitor

: C]CCUO'_\’liC SOT23 QrN
3 Canacito

e con A02resistor

Figure 31 Various SMT Electronics Packages Electronics-lab.com

As theimage aboe illustrates, SMT components come in a variety of shapes and sizes.
Resultantly, parts vendors use many different bulk packaging methods for parts delivery. A
component placement machine must be able to handle all the various packaging forms of the
parts being used in avgen SMT assemblyFigure4 andFigure5 show two of thanajor
component delivery method#\ tape and reel systeoan hold fromL00to over 20,000
components. Before placement, teelrmust be loaded onto a specialized component feeder
which pulls back the protective leader tape, advances the part carrying tape a precise amount,
and presents the part fpickup by the machine nozzle. The waffle tragédivery method
popular with arger components. The use of a waffle tray necessitates careful, sequential picking
of the SMT parts by the machine head. Besides tape and reel and waffle trays, bulk magazine
feeders aralsoavailable[2]. Tube feederarere more popular with through hole electronics and
aresomewhat antiquated, but still semmmanufacturing floors. There are other delivery

methods, but in gemmal the bulk of parts today come as tape and fE@®bugh allSMT parts are



Figure 57 Waffle Tray i Topline.tv Figure 47 Tape and Reel techon.nikkeibp.co.jp

delivered in a similar manner andmponent placement machines operate on the same

principles, manynachinevariationsstill exist[1].

The pursuit of increased throughput has driven vendors to develop an atiagreé
placement machinesSome authorbave categorizethese differencomponent placemén
machineg6], [7], [8], [9]. Ayob went so far as to create 5 distinct categasfgdacement
machineg7]. Among these categories are machines which ntowBCBtable and feeder bay
allowing the placement hddo remain stagnant and rotate at high speed. @taehine types
contain multiple placement heads or even multiple production bays to handle mirrored assembly
of multiple boards at onceOn the other end of the spectramesemiautomateglacement
madiines for prototyping and small scale assemfiljough many machine styles existis
work has dealt only with two variantd thevery populamgantry stylecomponenplacement

machire.



2.1.11 GantryStyle Placement Machines
Almost every placement achine vendor offers a variation of the popwgantry style
machine.Figure6, below, shows a Universal Advan@eneral Surface mourtGSM, placement
machine. This gantry style machine is one of the two | worked on as payts®tup time
reduction effort.Inside, there is a rail running front to back on each side of the machine. The
placement head is mounted on a horizontal rail attached at each end to these side rails. The
center rail may move front to back on the sidks @lowing movement along the X axi$he
head itself can move laterally along its rail on the Y axis. Movement on the Z axis is facilitated
by the placement head itsel&runow described these machines as operating in a gantry system
as a result ofite gantry stylemovemenbf the placement hedd0]. Sal onends wor k i s

pointed at <cl assi fyi n §[6]sAsidefrormtlaednteinal moavemargaof 6 gan't

Figure 6 - Universal Advantis GSM - pcb007.com
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the head, the physical configuration of gantry style machines is often similar.

In the case of the GSM machine showrrigure6, the outside of the machine is
essentiallysymmetrical; with the front and back each containing slots for up to 35 feeders for a
70 feeder total capacity at any one tinke.almost allmachines there will also be an internal
rack which stores nozzles while they are not mounted to the placement head. Functi@nally, t
PCB enters on a conveyor from the upstream side of the machine. It is then lifted slightly and
locked into place at theenter of the machine by pneumatic fingelbairing one machine cycle,
the placement head is then tadkith moving to the feeder bays, picking up components, and
placing them back on the PCB. Before the componeatplaced, they may be inspecteith a
camera oby anotheautomated inspection system to ensure proper akghnmrhe number of
components which may be picked and placed in one cycle is determined by how many spindles
the placement head contains. The spindle is the attachment poinvatthen nozzles. In

most cases, it is also the part of the head which allows Z axis moveRigumte 7 shows a 6

Figure 8 - Rotary Head - Universal Instruments

Figure 7 - Six Spindle Placement Head Panasonic
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spindle placement head on a gantry style machine. This style head is well suited for placing any
type of surface munt componentsFigure8 shows a 30 spindle rotary placement head; this

style is also employed in gantry style machines. It can place small components at a much higher
rate than the traditional heatiowever, larger componentan substantially slothe head

down. An additional downfall is that some oddly shaped and large components cannot even be

placed bythespindle rotary placement hefdL].

2.1.2Reflow Soldering

After all the components have been successfully placed onto the printed circuit board,
reflow soldering is the next step in the SMT production procggsuntil this point the tacky
nature of the solder paste has held the components temporarily on their pads. The goal of reflow
solder is to evenly heat the assembly pasligjugdus point of the solder alloy. Once the solder
is cooled a strong mechanical connection to the board vigl.elt isessentiato heat the board
in an even and controlladannerto yield a consistent, quality product. At the same time process
engineers must ensure no components on the board are overheated or damaged due to extreme
temperaturesReflow soldeing occurs most often in a commoonvectiornreflow oven. The
reflow oven work provided herelmas been centered arouhds type of oven Though nitrogen,
vapor phase, and everfraredovens exist, the proceeding information is tailcdi@sgtandard
reflow ovens. Recently the move tleadfree solder has necessitated some changes in reflow
soldering ovensThe main transition has be#re lengthening of reflow ovens to give process
engineers greater control over the reflow procd¢sge move to leadiree solder has been very

demandinghot only on the equipment itself, borh the reflow process general. A PCBuilt

11



usingleadfree solder necessitates a much tighter reflow processing window than in an identical

tin-lead solder assemiiy?]

2.1.2.1Solder Pastes

Today there are a great number of solder paste variants available. Each specific paste is
targeedto meet the goalsf a given manufacturing situatiorsolder paste is made up of
cleaning flux and a metal alloy which will actually create the electrical/mechanical connection.
The flux in the solder paste helps make the paste tacky so that it can hold componertis throug
the assembly process. During refldlux is activated and cleans any oxidation from the
surfaces which are to be soldered. After reflow, fluxes can require cleaningray dleano
Among those requiring cleaning some are water soluble while otgprse more harsh
cleaners. Ihis workl have only dealt witliino clearo flux based solder pastd.o reduce
production steps, anufacturersisuallychoose dino cleam flux unless their particular process
requires a more stringent cleansing. In gahilre major selection criteria for a solder paste is

not the flux, but the metal alloy.

Presently electronics manufacturers have a lpogtof solder alloys to choose from.
The diverse landscape of options is largely a product of the move todéemsblders. The low
eutectic melting point, small price, high availability, and good mechanical joint strength of the
tin-lead solder alloy had made it the choice of electronics manufacturers since the mass adoption
of electronics. Joe Fjelstad assertdthai Over t he decades, tin | ead
hundreds of tr i I[13]iHoweser, dDtf h es 0] fEkIs@edNgs onountingson O

the electronics industry to move away fromlead soldef14]. The harmful effects of lead on

12



the nervous stem were very well understood at this point and the potential of lead leeching into
groundwater from electronics in landfills was seen viewed as a paramounthsgue9

illustrates the potential path lead from solder jointslectronics assemblies cowddsilytake to

enter drinking waterDespite rising concernegjislation banning the use ofimad safler would

not take effect until 2006 in Europe as part of the Restriction of Hazardous Substances Directive,
ROHS. InJapan market pressures moved many manufacturers away frlmadisolder. In

response to the European legislation and increased market pressures, much of the world would
move to leadree solders within the same time frarReplacing tinlead solder prosd to be

difficult, but many members of the electronics indusgirgdicted this transitioand legan

research into new alloj&2], [15], [14].

However replacing tinlead soldewould be no easy tasks Seelinglescribed in 1995

any plausible alternative to tiead solder would need to possess eight distinct characteristics

[14]:

fil. The selected element will have no negative environmental impact now or in
the futue.

. Sufficient quantities of base materials must be available now and in the future.
. Melting temperatures similar to 63/37 tin/lead, preferably below 200°C.

. Equal or similar thermal and electrical conductivity.

. Adequate joint strength and thermal fatigue resistance.

. Easy repairability.

. Low cost.

. Compatibility with existing pcesses.

O~NO O WN
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Path of lead from soldered board to the human body
via drinking water

Soldered Board

Drinking water
poliuted by lead

Effects to
the human body

Subsurface water
polluted by lead

Figure 9 - Path of SnPb Solder Electronics to Nervous SystemPuttlitz

The search for a suitable replacement tddad solder was arduous and many new alloys were
proposed.In 2000 Abtewand Selveduragtudied approximately 7@ewly proposedeadfree

solder alloy combinations event ual | y ciah nomposittbmsarg the niost tikelyi S n
c andi d4.tTedayomuch more research has been carried out and we have a better
understading of leadfree solder alloysAlloys which have been popularly considered as
replacements for tiead solder include: tisilver, tincopper, tinbismuth, tinzinc, tinsilver-

copper, and tirsilver bismuth12]. Other elements such as Indium and aluminum hatsee

been added to solder alloys in order to achieve specific propd2iesThough each of these
specific alloys has interesting properti#tss workhas delt with the popular tirsilver-copper

alloy. This popular solder is also known as §64 or SAC.
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SAC has been a very popular alloy for manufacturers moving away from lead based
solders. The SAC alloy comes in many different combinations of the three base metals. Two
popular mixtures ar8AC105 and SAC305, these are®8n/1.0Ag/0.5Cu ah
96.5Sn/3.0Ag/0.5Cu respectivel§gtudies have found SAC105 psesensomewhat better
mechanical reliability than SAC3(%6], [17]. Henshallet al conducted a few fairly extensive
experiments comparing the manufacturability and reliability of the different SAC §1I8js
The SAC105 solder alloy has a slightly higher melting point (22#f€omparison to SAC305
(217°C) Thus, a few tradeoffexistbetween the vasus SAC alloys.This workhas dealt with
the SAC305 alloy, which has been a widespread choice for manufacturers moving to comply
with the leadfree standards. Though SAC305 has been very popukby no means a direct
drop in replacementThe mostrustrating difference between the SAC alloy and¢iad solder
is its much higher melting point. Sn63Pb37 solder has a eutectic melting point of 183°C.
contrast SAC305 becomelsquidus more than 30°C north of that temperatuFégure10is a

good illustration of this shrinking process windofquipment and methodology changes have

LEAD-FREE SOLDER
PROCESS WINDOW

Compenent

Tolerance 235°C

Lead-Free _ e L 210°C-
Min. Temp 230°C

Lead-Based
Min, Temp

Figure 10 - Lead-Free vs LeadBased Processing WindowsKIC.com
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been necessary to continue the production of high quality electronic assemalleadiree
world which requirefigher process temperaturebhese higher temperature requirements have

had a direct impact on the reflow profile companies must use to process their asgé@iblies

Themost criticalvariableof reflow soldering is the heating profile, also called the reflow
profile or thermal profile This thermal profile almost completely dictates the outcome of the
reflow soldering process and in turn the quality of thalfproduct. The higher melting point of
the popular leadree solders has caused a direct shift in the shape of the typical reflow profile.
This shift has necessitated the advent of more robust reflow ovens and new processing
techniques.The reflow pofile is often seen as a graphic of temperature plotted against time as in
Figurell Ed Briggsof Indium Corporation, a soldg@astemanufacturersets out a good
frameworkfor understanding the reflow profjl9]. Hebreaks itdown into 4 distinct phases:

PreheatPrereflow/Soak, Reflow, and Cooling.

Time within 5°C
of peak temperature -1
250 (30 s600NS) _ | et Peak temperature
255 = 260*C
217 Ramp-Up \Ramp—Dmﬂ
3°Cisec max 6°Clsec max
L S TR e X

Temperature (°C)

150 — - |
/. | \
| Praheat | Soak | Reflow

100 [{60=120 seconds] | Time above 217°C \
(60 = 150 seconds)
a0 /

i

|

|

|

|

1
] a0 &0 = 120 150 180 210 240 270 300
Time (seconds)

Figure 11 - Reflow Profile - Token.com
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2.1.2.2PreheaPhase
Preheat is the first stage thie reflow process. During this reflow phase, the entire board
assembly climbs towards a target soak or dwell temperaflre main goal of the preheat phase
is to get the entire assembly safely and consistently to a soak@flpre temperature. Prehat
is also an opportunity for volatile solvents in the solder paste to outgas. For paste solvents to be
properly expelled and the assembly to safely reachgli@v temperaturethe PCBmust be
heated in @onsistentlinear manner. Ammportant metridor the firstphaseof the reflow
processs the temperaturglope rate orise vs time This isoften measurin degres Celsius
per secondC/s. Manyv ar i abl es f act o rargetsloperate. Thesennglida:ct ur er
target processing timsgder pastevolatility, and component considerationsis important to
account for all these process variablas n most cases sensitive component considerations are

paramounf20].

AMany components wil |l crack i f their tempe
rate of thermal change that the most sensitive components can withstand becomes the maximum
al | owa b [2H. Heweweep fehiermally sensitive components are not in use and
maximizing throughput is of great concern, aggressive slope mag be tailored to improve
processing time. For this reason, many manufacturers push these slope rates up to the maximum
common dowable rate of 3.0°C/Second. Conversely, if a solder paste containing particularly
strong solvents is being used, heatimg assembly too fast can easily create an out of control
process. As the volatile solvents outgas timay splatter solder off the pads and onto the board.
Solderballing is the main concern of violent outgassing during the preheat pbase.a board
has been ramped up to temperature in the preheat phase it is time tbeestak or preeflow

phasg22].
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2.1.2.3Soak of Pe-Reflow Phase

The inclusion of a preeflow soak can help to eliminate multiple types of defettse
soaking period is often when flux activation in the solder paste ocaitreough the soak phase
often holds merit, somgrocess engineechoose noto include a soakinstead they rely on a
ramp to spike profile Figurel3 shows a useful comparison of a ramp to spike, RTS, profile and
a ramp soak spike, RSS, profile. Thoulgé&figure is useful for comparis, most profiles fall
somewhere on a spectrum between the two shown below. This spectrum runs from the true ramp
to spike profileto the extended soak profile. In a true ramp to spike profile the temperature slope
never levels off staying constant frggreheat through reflonRamp to spike type profiles are
useful when flux may be activated too soon during soak causing poor wetting, especially with
water soluble paste and difficult to solder components. Ramp to spike profiles can also produce
shinier ®lder joints and can be more economical as the oven uses less[@8¢grdyxtended
soak profiles have a prolonged soaking phasehich the temperature rises very slowly or even
remains constant. This dravauit soaking of the assembly can last for over 50% of the total time
in oven. However, such an extended time of stagnant temperatures is often unnecessary to

realize the bends of a soak profilg24].
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RTS Spike RSS Spike

Soak

TEMPERATURE
TEMPERATURE

TIME TIME

Figure 13- Soak vs Ramp to Spike Profiles profilingguru.com

Figure 127 Four Channel Base Station Audio Board CoachComm

Soak profilehavebecomevery popular as a means of minimizing the negative effects of
complex boed designs When reflow soldering boasdvith a complex array of components,
there can be a tendenay the board to heat unevenlyhis often results from the usesime
large and small componemshich leads to a wide variability in thermal mass asriie board
Figurel2 shows a good example of such an assembly; note the lack of components at the top of

the board, but high volume of large components at the botlioisicritical to achieve an even
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temperature acroske loard before the reflow spike to ensure no defects. If the small
components on the board are much hotter than the large components they may crack during
reflow. On the same PCB the cooler large components may be subject to cold solder joints. The
inclusion of a soak period allows the entire board to reach a level of thermal equilibrium before
reflow. During the soak the small component temperatures may wéinglslowly or remain
constant whil e ¢tangerdtuzes fse morequickly diredyrthte éntire
assembly reaches a balanced temperature just prior to refloa helps to minimize the
temperature difference during the reflow portion of the profliggure14 shows a good example

of a soalprofile, the different color lines represent thermocouple attachments on different parts
of the board. As the image shows, the board was heating somewhat unevenly, but the soak
period allowed all the various parts of the board to come together in teorper@his

minimized the overall temperature differential during the reflow spiece the board has

soaked, or reached the target-prow temperature in the case of a ratogspike profile, it is

time to reflow the solder.

25.00indmin '

Figure 14 - CoachComm Transceiver Board BottomThermal Profile
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2.1.2.4Reflow Phase

During the reflow phasthe solder alloy becomdiguiduscreating the
electrical/mechanical connection between the components and PCB. The two defining metrics
of the reflow phase are peak temperature and time diojopveéus, TAL. These two measures are
fairly selfexplanatory TAL is the amount of time the assembly spends above the melting point
of the solder alloy and peak temperature is the maximum temperature reached by any one point
on the assemblyThe peak temperature must be considered carefdilgh peak temperatures
can often lead to very shiny joints. This is sometimes aesthetically tempting, but does not signify
a quality joint. The temperature peakist be high enough for the entire assembly to wet and
form quality solder joints. Howevgetoo high of a peak temperature can cause defects on heat
sensitive components. Process engineers must be especially careful when profiling with high
liquidustemperature leattee solders. With such solders, the process window between melting
point ofthe solder and failure point of sensitive components becomes very tight. Setting the
correct peak temperature is important, but TAL should also be carefully consi@enedg the
reflow phase the formation oftermetallicbegins. The assembly must ream above the melting
point of the solder for long enough to form quality solder joints at all locations on the PCB.
Longer than 30 seconds is generally enough time for this to occur. Howevendaw a TAL
(in most cases greater than 90 secpndrscause excessive formationinfermetallicwhich can
eventually weaken the final joint. Excessive TAL can also result in charring of the joints or
other types of thermal damage. Aside from the joints, many components are susceptible to
cracking or otheheat relatedailure if the TAL is too long.Thus, he formation of correct
intermetallicduring the reflow phase is imgant. However the cooling phase also plays a large

part in the final grain structure of the jo[@5].
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2.1.2.5Cooling Phase

The cool down phase of the thermal profile determines the grain structure of the final
joint. The more quickly the assembly is cabléhe finer the grain structure. A fine grain
structure is desirable for mechanical reliabiliQi et al explored the relationship between
thermal fatigue and cooling rate in the SAC alloys, finding that a moderate cooling rate of
3.8°C/second out péwrmed cooling rates of 1°€/second and 6°€.second24][25]. Yanget
al similarly investigated the relationship between capliate and mechanical fatigue, finding
faster cooling rates to be preferafi€]. These findings are in line withe recommendins
set forth ly various solder paste manufacturers. Indium recommeendslingrate between-2
6°C/second for all of its SAC alloysvith the target rate being@/second27]. The cooling
phase is much less process dependent than the other reflow profile phasesoling rate may
often be restricted by environmental factors or oven limitatiemgeneral the recommendatio

can be made to have the fastest cooling rate possible up to af@i/sdcebnd.

2.1.2.6Reflow Ovens

Though many environmental and production concerns weigh heavily into the reflow
profile, the reflow oven itself is in many sas the key contributinigctor. Often times the
reflow oven is much more of a limited factor for the reflow profile than a facilitating tool.
Reflow ovens come in many functional styldafrared, convection, and vapor phase are the
three major types of ovens which have sesmin the electronics industry. Some convection

ovens also employ the use of alternative atmosphere gases, a popular choice is fAitresgen.
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work has dealt with a conventional forced convection reflow pseaFigurel6[2], [1], [5].

The operation of the reflow oven is relatively simple.

After a board has completed component placement it enters the reflow oven. Convection
ovens have aet ofmetal chains which run parallel down the center of the oven, these act as
conveyors for the board. Internally the oven will contain a number of independently controlled
heating stages, referred to as heating zohea.convection oven air wibbe circulated rapidly,
this is achieved through the use of fans or compressed air flow in most cases. As a board enters
the oven it is exposed to the circulating air at a given zone temperature gettingdvances
throughtheoven t h e P CB 6 will riseeimgocentradled maneer as it hits each differing
temperature zone in seri@irough careful setting of both the chain speed and zone temperature
settings, process engineers dial each board into the predetermined thermal figpiile15
shows a reflow profile through a 10 zone oven, the dashed vertical lines separate the heating
zones and the red numbers along the x axis are the zone temperature settings. As the image
shows the actual board temperature follows the defined setting temperature gradient.

Process engineers specifically set the temperature in each zone to ensure adherence to a defined
reflow profile. Having an oven with more heating zones allows further fine tuning of the reflow
profile and in turn greatgrocess control. HoweveSMT production line style ovens are

available with as few as 3 heating zonBsmost casesn oven with less than 5 zones will show

poor process capability for tlead solder. To properly reflow ledike solder at leastzbnes

are recommendedaly most process engine¢®y, [20], [1]. For complex reflow operations ovens

with greater than 15 zones aradable[28].
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Figure 15 - Reflow Profile With Oven Zone Settings CoachComm

Figure 16 - Convection Reflow Oven Conceptronics.com
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2.2 Single Minute Exchange of Die

Single Minute EXxc hissarsetup reduttiorDectigueptincialye D 0 )
developed byshigeo ShingoShingo developed the SMED techniques while working to
improve efficiency at various manufacturing facilities around Japan in the 1950s arid 6@s.
ensuing years, while working at Toyota, he polished ysgem and eventualiy was fully
adopted SMED was largely held as a trade secret until forfimgtotapresident Taiichi Ohno
wrote an article on theechniquen 1976. As the car company gained momentum sctlaled
SMED ideology Some ars laterShingp [29] would write the seminddook on the subjech
revolution in manufacturing: the SMED systefrodaySMED is considered oref the basic
tools of Lean Manufacturing and has many applications across the gamut of manufacturing. This
is largely due t&® h i n g o arslthebsocoeksivexts whichhavesimplified the ideas of

SMED and set forth a simple framework for its applicataross industries.

The main principle of SMED is to reduce setup times through the use of simple, widely

Classification Stgga Etz_:gﬂ St:;ga Sigga
r 3
Operations /
Operations Actually | Inherently <
Performed as < Belonging to
Internal Setup Internal Setup
(IED) ,
| /
Operations F'IIJf.ue!r:aﬂit:nma ¢
Actually Performed ) Inherently
as External Setup Belongingto |
(OED)  External Setup

Figure 17 - SMED Stages and Shift of IED to OED Shingo 1985
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applicable tools. A\ revolution in manufacturing: the SMED syst&hingoheavily

emphasizethe divergence of SMED from the traditional setupetireduction techniques of

largelot production and skilled techniciankarly on in his text Shingo defines the aspects

internal, IED, and external setup, OED. Internal setup can only be performed while the machine
is in an inoperable state. A good exde of internal setup is changing the blade on a cutting
machine. External setup is all setup operations which could be performed while the machine is
operating. The transportationdies to and from a machine would be included in external setup.
IED setup taskhave an adverse effect on per unit production time, while OED setugh&ask

no effect on thisamemetric. As a resultthe distinction of IED from OED is very important in

the framework of SMED Shingo proposes a three stage frameworkherimplementation of

SMED.

The first stage is the separation ofarnal setugnd eternal setup. Next a practitioner
would convert as much of the IED as possible to OED. Thlfrdspects of the Setup Operation
would be streamlinedFigurel7 shows theexpected shifts in setup times thgh the 3 main
stagesof SMEDSt age 1 of Shingobs process has no dir
but rather serves to distinguish between types of setup task to aid indutar during the
second phase. Distinguishing between types of setuprtasknot always be completely lucid.
Though some task which may currently be performed during downtime could easily and readily
be accomplished during a production run, othengkaver tasks are not as easily seen as OED.
However, he inherent advantage ahexternal setup task means that during stages 1 and 2 of
the SMED process special care should be taken in identifggkgwhich are currentlfeD, but
which could be made ED through the purchase of equipment, use of jigs, or exploits in

machine operation practiceB1 general when working on a system which has never been
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improvedfrom a SMED perspective, we would hope to gain the greavesall setugime
savings througithe conversion of some interrsgtup procedures into externalowever,the
third stage of Shingods procecusstodtedismorea t el vy ad

skilled laboers andlong-termtraining effects can all help lower the remaini&dplsetup task.

2.3SMED andincreasing Throughput iBMT Electronics Manufacturing

Since the early 199006s various techniques
changeover tima of surface mount electroniassembly.Electronicsmanufacturers, machine
vendors, process engineers, and scholars haweided towards reducing setup times in
situations of high product mixThere are numerous distinct optimization problems which may
be faced when working to streamline setup of a SMT electronics Imeases of high product
mix the largest hurdle is oftdmding thequickestsetupstrategy foithe automated component
placement maching80]. As noted earliergomponent placement machines represent not only
thechiefimpedimento reducedetup tims, but are also the productitwttleneck in many
operationg1]. As a result, serious effontas aimed tanprove almost every aspect of placement
machine operationThe main burden of component placement setup is the changeover of
component feeders. Loading arfthnging over part feeder can take betwee ininute$6],
[31], [32], [32],[33]. Changing feeder slots for a component can take between 15 seconds and 1
minute. Thiscanbecone highly problematiavhenover 150 partsmayneed to be changed over
during line downtime.Reducing the number of setups is often a very importanthasker

panel production times also matter.
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Increasing SMT line throughput is not an easy task and in many cases a solution must be
tailor-fit to the specific situation. la high mix operatioproduct changeoveruldbe key to
increasing efficiencyHowever, in low mix situations part location on the machines may be the
most important piece of the puzzl&he speed at which component placement machines operate
and the time it takes to for product chaeoger are heavily intertwinedAnother important
consideration is the operating style of the particular placement machine being studied. In some
cases multie component placement machirdglifferent types are operating on the same
production line. Oftemhere is nane improvement strategyhich is appropriate foall of the
machines.The literature on increasing component placement efficiency refleatffibalt and
ertangled nature of the problen@n a very basic levehe complexity bincreasing throughput

during the placement stage of Sfoduction can be understood as a simple equation.

Y& OUNGE QO BOAEE QodOEFNQ'QNR 6 NIQAA N i
0 QAR HGEXHAOE N £ Q6 ' QQ

Equation 1
We must assume that due to productioredciing constraintghe required number of setups
and number of panels produced cannot be changed through any optimization attempts. Equation
1 is wildly different depending on the volume and product mix a particular manufacturer
produces. Though thiglationship seems simplegtuptimesandper panel processing timase
highly correlated Often faster per panel processing times come with the costs of greater setup
time or more setup instanceSertainly there are numerous other factors which cay girole in
overall throughput. However, this basic equation is sufficient for understanding the implications

of the basic SMT setup strategies which are popular today.
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2.31 Popular Setup Strategies

When working to increase the efficiency of comporgatement machines, one of the
first steps is to decide on the most appropriate setup strategy for the particular production line
being improved.The vast landscape of setup ideas for increasing throughput in SMT electronics
manufacturing reflects the mg different manufacturing environments which exist in the
industry. In high volume situations it is common to make minimizing the per panel processing
time the goal.This is a result of the lack of product setups required, if the number of setups
required is substantially low it is fruitful to only be concerned with per panel tirfesetups
required equals zero in equation 1, setup time becomesiasuen To achievahe fastest per
panel timescomponents must be assigned to the most optimal feledeion each machine.
The most high volume parts should generally be closest to the location of the board during
placement; this positioning will minimize the total distance travelled by the placement head, and
machine cycle time, in gantry style maaksn Strategies which seek to minimize the per panel
processing time often include high setup costs. In a high volume, low mix environment product
changeover isisuallynot an issue. As a result low and medium volume manufacturers often

choose a very diérent goal.

Recently some SMT manufacturers have movedards leaar manufacturing
environments, smallesizebatches and increased product variabilitAs a resultnew setup
strategies have been proposed to reduce the costs associated with pgbdoncxion[6]. These
new setupmethods run the gamut from the purely per panel oriented mass production strategies
to the leastetup possible strategies of very small batch mectufers. As the number of panels
being produced falls and the number of setup instances increases, equation 1 shows that setup

time reduction would now be the likely godh order to redue setup timeproducers may use
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shared feeder configurations, prodfashilies, or other similar strategies. However, in most

cases it is impossible to achieve the fastest possible per panel processing times while using these
strategies. For example, setup time betwi®e products may be minimized with a common

feeder setup. However, if the same part is the most used on one product and least used on the
other, thenboththeir per panel times cannot be optimal with a shared feeder slot configuration.
Resultantly, thee is a vast amount of literature on setup stratediesn and Peterslassified

strategies present in the popular literainte four setup categories: unique, group, minimum,

and martial [34]. Salonermproposed an additional/brid setup strateghs]. In addition some

research has exploredthen ot swapbd6 setup st r athissmgrk whi ch wi |

2.3.1.1Unique Setup

The unique setup strategy seeks to achieve the lowest possible per panel production time.
This goal is accomplished by finditige best combination of feeder slots and the best order of
component placements for a given panel. This strategy is best employed when dealing with a
SMT line which produces one or very few products. If the number of setup instances required
over a perid of time is substantial, the unique setup strategy can be a very poor setup choice. If
multiple placement machines are being used, it is also most applicable on the bottleneck machine
after line balancing has been performed. Batl Magazinenodeled soh a component
placement problem as a variant of the traveling salesman prg@&&mSubsequently many
authors have formulatechd studied the problem as a traveling salesman problem or
transportation network problefh-7]. Today most commercial SMT line software comes with
optimizaton packages which will automatically line balai®eB assemblies. Such software

can also seek out near optimal feeder configurafibhjs If the SMT line being studied
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produces any significant number of varied products, the group setup strategy could be a better

choice.

2.3.1.2Group Setup

The group setup strategy exptoibmponent similarities across products to reduce the
seup time between products in a given group to z&€omponents occupy the same feeder slots
throughout the group run and only change when production is shift to another product group.
While in the same group, any order of boards may be run with no raskadditional setup
instances Feeder setup changes are only required when moving from one product group to
another. A side effect of the group setup strategy is that products will not be produced near their
optimal per panel production time. This malke grouping method more useful for high mix,
low volume situations. It is very efficient if batch sizes are small or if a one piece flow is
desired. An enormous amount of research has been performed on group setup $88}egies
[36], [37], [38], [39], [40], [41], [42], [43] Yilmaz et al describes the progression of group
setup strategiggl7]. Early only many authors used component similarity between PCBs as the
main metric of choosing group44]. Later researchemused linear and Integer programming
models to define product grouf83], [43]. Other mathematical formulations have also been
proposed, some even taking into account more practical matters such as feeder differences and
other specific machine consideratigd2]. For the most comprehensive review of group setup
related literature see Yilmaat al [47] and Cramaet al [41]. Though setups do not occur often
with the group setup strategy, one major downside is that when a group changes occurs the setup
can be extensive. As such, the total setup time over the course of the entire board run may still

be large. The minimum setup strategy ensures total setupstsuéiciently low.
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2.3.1.3Minimum setup

The minimum setup strategy seeks to find the board run order requiring the lowest total
amount of feeder changes. This should in theory minimize the total setup time for the entire
board run. The group strategyay have fewer setup instances, but the minimum setup strategy
should have the least total setup time. The idea is to find the board run order which demands the
fewest feeder changes and then to change only the necessary parts between boards. In a true
minimum setup situation there are no part changes targeted at reducing per panel placement time.
Application of the minimum setup strategy normally results in the most similar boards being
built in sequence. The minimum setup stratedgirly well researched48], [49]. Guntheret
al. used vaious heuristics to seek out the minimum setup for a sequence of[P&Bdis
model included many more real world constraingtimost previous models including: feeders
taking up multiple machine slots, variable job arrivals, and two sided assemblies with
precedence. Thigave proof of concept for the useminimum setup strategy industry.
Though the minimum setup strateigyuseful in situations of very high product mix with some
knowledge of future production schedule, the partial setup strategy can greatly reduce per panel

production times weighing those savings against the costs of added setup.

2.3.1.4Partial Setup
The partial setup strategy falls somewhere between the unique and the minimum setup
strategies. Partial setup seeks to find the minimum possible total setup, but also considers

realignment of feeders to reduce the per panel time on high volume bbaatsand Peters
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compared many popul ar setup s-setupdiraeyy adaptstan d
a variety of pn3d]d9).cThey pomt ogt that the sudcesos the partial setup
strategy is due to its ability to find situationsahich the added setup costs will be outweighed

by the benefits of per panel time reductions. In this way the partial setup strategy is truly
adaptable to fit most production situations. The partial setup strategy has been further explored
by Peters an&ubramiantheir model of the partial setup strategy used the minimum setup
solution as an inpyb0]. Resultantly the partial sttegy alvays outperformed the minimum.

Though the partial setup technique has performed well it falls short in modeling some facets of
the real world production problem. A hybrid setup strategy has been proposed by Salonen to

address this issyé].

2.3.1.5Hybrid Setup
The hybrid setup strategy seeks to take the best parts of the minimum and group setup
strategies. The minimuend group strategies both work well in particular situations. However,

their main objectives are divergent. The minimum setup strategy seeks to minimize total setup

c

o

time, while the group works to miniwdlde setup

production environment of the PCB assembly it is often needed to consider both problems at the

same time, especi al | [¥]. This nebdagsks fromh someaealwbrid o n me n t

considerations which are often left out of optimization models. The changeover between two

PCB assemblies will never be zero as other process parameters must be changed over in order for

the pacement to occur. In practice there will always be-23minute setup time requirement
between board groups c al | ed ¢ s Ehisis m cootast @ the3ominstés required

for each individual ©6compon ekstooptimitelapdighted T h e
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sum of component setups and the setup occapnin this way the hybrid setup is able to

receive sme of the benefits of both the minimum and group setup strategies.

2.3.1.6Hot Swap Setup

The hot swap setup strategy has been somewhat less reviewed in the literature than the
other aforementioned strategies. However, for my project it plays ampoytant role.
Trovinger and Bohn researched single minute exchange of die philosophies for electronics in
2005[30]. Inthismper they describe the use of feeder
swapping is only possible on line with particular machine configurations which allow the
removal and insertion of component feeders while production is running. Fully hot swapping
product also requires the two products being transitioned have a combined total of unique parts
which is less than the number of feeder slots available on the machine. The changeover strategy
allows loading of the second product into unused feedenslols the first is running. Once
this has been completed the only remaining internal setup task on the placement machines is to
change the machine program files. Trovinger and Bohn reported great success in using hot

swapping to reduce the amount ofuggd internal setuf80].
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Chapter3: Installation of New Reflow Oven

3.1Previous Oven Setup
Whenthis workbegan at Coach@um the company wassing aVitronics SoltecXPM-
520reflow oven. The oven had been on their production line since they began assembling their
own electronics in Early 2002. TMitronics Soltec XPM520 has 5 heating zones and 2
cooling zones. Atthetim of purchase, this oven was well s
environment.The most important factor whichensdtehi s ovenés suc<cess was
| ead sol der i nsassenibliesCbachConancube€ tharmdim NEMQ 92J tin
lead safler paste. This is a standard 63% Tin and 37% Lead solder paste. The Eutectic melting
point of this tinlead alloy is 183C. Figure18shows the recommended profile for this solder
alloy. This manufacturer suggested profilewh a slow ramp up to nelguidusfollowed by a
quick spike ofat leas25°C above the melting point of the solddihe Vitronics Soltec XPM
520 5 zone oven was very capable of reproducing such a profileéng its first few years of

service, the Vitonics Sltec oven built a very low percentage of defective PCB assemblies. (An
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Figure 18- NC SMQ 92j Recommended Profile Indium Corporation
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actual measure of defective units from this period is unavailable. However, the baseline study
data below shows the defective rate ofléad boards over the past 10 month’s)
CoachComm movedway from the NESMQ 92j solder paste and aleadfreealternativethey

witnessed a dramatic increase in the number of defective boards being produced

In 2007CoachComnbegan producing ROHS compliant assemblies. The most importa
part of the move to ROHS compliance meant switching over to dreadolder alloy.Indium
8.9 is CoachCommbo s Indiumm®.8 cofmes e a few differdnealloyp ast e .
combinations, but CoachCommdés v &hsimaandtheof t he
solder paste consists of 96.5% Tin, 3% Silver, and 0.5% Copper. The melting point of this
particular solder alloy is 22C. At the recommended profile Figure19 shows, this leadree

solde paste requires a mh tighter and hottggrocessing window in comparison to thelead
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Figure 19 - Indium 8.9 Recommended Profile- Indium
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paste.With this solder pastet is advisable to peak thieflow profile between 150 degrees

above its melting point. This leaves a process window of betwee£272Z in which we ould

expect to get a decent solder joint. At the low side we may not see good wetting and at the high
side we may be pushing the | imit for some com
extremes of the process parameters for thketid paste,83-228C, it is easy to see the

challenge amovetoleddr ee assembl i es present edhetissueCoachdCcC
associated with transitioning to leé@e solder for some products were magnified by the sales

volume of these leaftee products

Over the past few years lefr@e products have come to make up a large percentage of
CoachCommdébs overall producti on gswmoftke.poor Thi s has
performingoven. Leal r ee products make up ar graductdmixt wo t hi
and around 70% of their total production volume. As-ead products have come to represent
a greater percentage of the companydés tot al p
has increased as well. CoachComm has brought iougaronsultant@nd process engineers
over the past few years in attemptsricrease the reflow process yield. However, even after
extensive work the defect rate has remained relatively hHigle.5 zone Vitronics Soltec oven

has shown very poor capabjlin meeting the demands of le&@e reflow soldering.

3.2Performance Metricand Measurement Systems
The perfamance of the Vitronics Soltec XRBRO reflow wen will be evaluated based
on two simple metricsFirst, the percentage of reflow relatesfects produced by the oven.

Second, thadherencef the produced reflow profil® solder pastand any other relevant
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specificatiors. The defect percentage metric is fairly straightforward, but it is fairly difficult to
actually measure the amountdwfects being produced. CoachComm currently inspects boards

at numerous points throughout its production proceggure20is a flow chart which shows the
production process for one of ptebeptingpectiopany 0 s
points throughout the process. The second blue box in the series is the post reflow visual
inspection station. At this point in the production process a technician visually inspects each
assembly as it exits the ovemhere was no s@nt defect collection system in place when |

came to work at CoachComm. The defects caught at the post reflow inspection station were
marked with stickers and sent to the rework station. They were then sometimes later tallied into
categories on an offie spreadsheet which included many types of defects. Some of which were
related to wave soldering and other processes no longer in use at the facility. Overall this system
was inefficient and it was nearly impossible to tell which defects were relatieel teflow

process.

At this point the choice was madeitaplement a more formal and up to date defect
tracking system at this station asvas catchinghe majority of the reflow soldering related
defects. Over 90% of the total defects found on thar fieerefound at this inspection station;
this inspection point also creates over 90% of the jobs performed at the soldering rework station.
These numbers are based on observational statistics taken over a few days watching the various
processesThe cortlusions of this study were validated by the production supervisor and
technicians.To implement a more formal systencreated a spreadsheet with defect caieg
matching closely to those in IPC standard 610. The post reflow inspectors completgxdb timei
much the same way as before, only now they would log the defects based on these more finite,

predefined categories. Thegstem is by no means perfect and | suspect there is still some
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amount of error present in the collection of post reflow atedata. However, in this instance it
was very important for me implement a system which would be used and accepted by the line
operators and supervisor. Given these constraints, this was a good defect tracking sirheture.
secom reflow oven performance metric, adherence to specified reflow profile, serves as

verification for the defect percentage data.

Theadherence of the observed to the desired heating proéileery goodneasuref
overallovenperformance There are &ew critical characteristics of thermal profiles which can
be compared and evaluated to determine this adher@hese metrics were discussed in further
detail during my review of the reflow process. Each metric definedsketeto quantifya
phase othe reflow processFigure2lis a mapping of these previously discussed metrics to the
phases of the reflow process they meadtiaeh of these metrics was measured using industry
standard reflow profiling practices:urther dscussion of these practices can be found in

Ob6Leary and [20]i Théteern@l pdfded Bed was an ECD SuperMOLE Gold.

Reflow Phase Metric

Preheat Slope Rate

Prereflow/Soak Soak or Preheat Temperature, Soak Til
Reflow Peak temperature, Time Above Liquidu
Cooling Cooling Rate

Figure 217 Metrics for Reflow Profile

This thermal profiler hapoints for the attachment of up to 6tyye thermocouplesThe
SuperMOLE Gold is capable of accurately measuring temperatures to withand can sample
at intervals as fast as 0.1 second€D provides SuperMOLE Gold SPC software for

interfacing withthe profiler. This software generates useful graphics of the thermal profiles and
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allows the user to measure all important metrics of the given thermalTgietmocouple

attachment was also performed in an industry standard manner.

High temperature Katon tape was used to secure the thermocouples on the PCB and
component leads. Thermocouples were attached to various different points of the board
depending upon what areas were assumed to be most difficult to solder. In most cases care was
taken to puthermocouples on the areas with the lowest andesigihermal mass respectively.

This was important as ensuring that all areas of the board were heated evenly was of great
concern. Some particularly heat sensitive components were drilled into Sttehdli

thermocouples could accurately confirm the temperature of the package. In all cases a lead
thermocouple was placed roughly an inch in front of the board in the open air. This would act as

a trigger for the profiler and ensure its proper function.

Accuracy of the profiler was verified using a few test runs. All zones of the oven were
set to 60, 100, 150, 200, and 250 degf@elsiusrespectively. The profiler was then run through
the oven and the output graph was observed to ensure propeatcai. Oven temperatures
were verified on the Vitronics Soltec using
thermometer. The neaven was verified using both its internal thermocouples and a secondary
set of thermocouples installed in teen which were part of an external process monitoring
system. After all these verificationse were confident that both the ovens settings and the

profiler were accurate. At this point we could begin taking data and performed a baseline study.
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3.3Baseline System Performance

Initially the performance of the Vitronics Soltec reflow oven was quite poor. Over the
past 10 months data collected at the post reflow visual inspection station shows that of the 8,562
boards produced 219 had at least one dete This is a 34 percent defective rate. However, not
all of these defects were soldering relaiedféct a large percentage of the defects were actually
related to the printing process). If only the reflow related defectoareex, there were442
defects; squst less than hatsf the total defects were related to the reflow proc€dsall the
boards produced over the past 10 monthsynder 17percent showed soldering related defects.
These defects included tombstoned pat¢der bridgingeold solder joints, cracked
components, and some other miscellaneous soldering related défetttis point, it is fruitful
to look at the ability of the original oven to produceléad assembliesThis analysis is
important as it can help to soligithe argument that the ovens poor performance may be due to

its inability to faithfully reach the higher leddee soldering temperatures.

Assembly Type
Tin-Lead | Lead-Free | Total
Total PCBs Produced 2,676 5,886 8,562
Total Recorded Defects 421 2,498 2,919
Soldering Related Defects 91 1,351 1,442

Figure 22 - Vitronics Soltec Defects Table

Among defects in titead assemblies, soldering related defects accounted for only 91 of
the 421 total defects or 21.6 percent. Thisampared to,351 of 2498 or 54 percent of defects
in leadfree assemblies. A proportions test proves that these two assembly types are statistically
different at the 5 percent leyeéturning a pvalue of less than 0.000See Appendix A for

complee proportions testsTotal defects as a percent of boards produced was significantly
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lower for tinlead assemblies than for leide assembliegl2 percent for leattee assemblies

and 16 percent for tiead assembliesThis is likely due to the greataumber of board

revisions which have been performed on thddad assembliesResultantly, looking at

soldering defects as a percentage of total defects is a more apt analysis than looking at soldering
defects as a percentage of total boards produdedever, asimilar proportions test is

significant in comparing soldering defects as a percent of total boards prodinednalysis
illustrates the initial theory that the oven is underperforming onfiegdassemblies. Tarther

solidify this noton and gain a root cause understanding, it is productive to look at the reflow
profiles the original oven is producing for variousi#ad and leadree circuit boards.

The Vitronics Soltec oven utilized two distinct profiles for itslead and lad-free
assembl i es. Looki ng @ahysidallcapabditiegivesovélualblearsigha nd t h
into its inability to produce quality leatlee assemblieskFigure23 andFigure24 show
represatative tinlead and lead free profiles, respectively. More thermal profiles for the
Vitronics Soltec oven can be found in AppendixAs the tinlead profile figure shows, this
oven is perfectly capable of a creating a relatively controlled profilerféead PCB assemblies.

The only reallisadvantagef this profile is that the maximum slope rate experienced by this
assembly was 3.7@/second. This initial slope rate would ideally be lower, the solder

specification suggesho greater than°/second. However, by the time the assembly hits 90
degree<elsiusthe slope rate has slowed significantly and is well within spec. This quick initial
slope is necessary in such a short, 5 zone, oven. Without some portion of quick heating, the
assembly wouldhever reach ligiudus. The tlaad profile also shows a nice slow linear slope up
during the soak phase. Finally a quick spike gets the assembly up above the liquidus point of the

solder where it remains for right around a minute at all points measuitte board. Overall
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Figure 23 - Vitronics Soltec Tin Lead Profilei Belt Pack Daughter Board CoachComm

this profile seems very well in control, all points of the board heat up fairly evenly, and the
profile matched the solder specification well (with the exception of the steep initial ramp). On
the other hand, reaching lefrde tempeatures is very taxing on this oven and during this type
of production the oves shortcomings begin to show.

As Figure24 shows the Vitronics Soltec oven is being pushed to its limit in attempts at
producing assemblies utilig the SAG05alloy. The oven requires the same undesirably steep
initial slope for a much greater time window when reflow soldering-fe=alassembliesln this
case the board experiences a maximum heating slope 6€C4s26ond, retaining a very sgee
slope until the assembly reaches over°lG6lIsius After the initial preheat phase, the slope rate
remains relatively high, at some points greater tlf@is&cond, even during the preflow/soak
phase. The reflow spike in this profile is not neadysteep as the tiead profile and the board
remains above liquidus for an extended period of time. All measured locations on the board
remained above the solder melting point for more than a minute and a half, the solder

specification maximumThroughaut the thermal profile for the leddee assembly there is a
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disconcerting temperature differential between the different areas of the board. At some points
the temperature differential reaches@5 Overall this thermal profilexemplifiesthe oven

being pushed to its limit.

Zonel| Zone 2| Zone 3| Zone 4| Zone 5
140°C 160°C 170°C 190°C 250°C

Figure 25 - Belt PackprocessorOven Zone Settings CoachComm

With only 5 heating zones, tdaslowspeed, b/ini cs S
inches per minutggnd the temperature of the first zone set very high. This creates the steep
initial spike. The specific zone settings for this profile are sedfignre25. To reach the
higher leadfree soldeing temperature, a fairly sharp incline remains necedeagones 2
through 4 This same slope remains into the fifth oven zone. The temperature may not be set
high enough taruly spike the temperature up quickly into the reflow zone, as this washl p
the overall assembly temperature much too high at such a slow chain Epeedat such a steep

inclines, the oveds first fourzones wer@ecessaryhe ramp the temperature up to a-prow
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level, this left only the final zon spike the tempenate. The true limitations of the oven can
easily be seen in the ledige profile. This poor thermaprofile hasbeen a major part ohe

apparent soldering issues in |dagle assemblies and necessitated the installation of a new reflow
oven. A reflowoven with more controllable heating zowesuld provide a more controlled

heating profile for leadree assemblies and in turn improve the process yield.

3.4New Oven Setup antarget LeaeFree Profile

The new ovemecently installedat CoachComm was@onceptronics HVAL55. This
oven contains 10 individually canllable heating zones, whidifers much more flexibility in
thermal profiling. Reaching leddee temperatures consistenymuchless of an issue with the
newoven. In comparison to thétronics Soltec oven, the new oven also has a much more
reliable and predictable convection system. The Conceptronics Oven uses a high speed fan to
create convective airflow in each heating zone. The previous oven sisgadycompressed air,
andwas notcapable otonsistentlyeven heat distributionAt the onset of this new oven
installation there were a few key characteristics which were desired in the new thermal profile.
Namely a slower initial ramp, more of a real soak profile, a shorter timedigondus, and
lower maximum temperature.

These goalsveredetermined by looking gtitfalls of the previous oven profiles,
CoachCommdés production mi x, b o atakog irtooaotpunte x i t vy,
component concerns. One major issuraié looking at the profiles from the Vitronics Soltec
oven was the steep initial preheat ramp rate. The Conceptronics oven would be a great tool to

eliminate this volatile processaaneter. With 10 heating zonéise initial heatingzoneswere
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setto much lower temperatures atiee assemblygtill reactedleadfree reflow temperatures

towards to end of the profile. In many cases, the third heating zone in the Conceptronics oven

would be set at the level of the first zone in the old oven. This hetpate@ profile with a

greatly reduced initial rampAfter the new slow ramp up, it was important to include a longer

and more stable soak in the new profile. @hsire for donger soak was largely a product of

CoachCommdés hi gh prcomplexcassentbies. mi x and very
CoachCommds hi grequireda@edyuobusti pmfile which xvould be

compatible with all of Rathesthan workmgto greate thelmoste r s e

energy or time efficient profile; it was desirable to set gefaprofile which would be useful for

an array of products and not be susceptible to process variations. Such a profile was also

necessitated by the complexity of many assemblies the company produgesd example of

these complex assembliegh& fourchannel base station audio boaegn inFigure1l2. The

|l ow vol ume nature of Coa detaSloanareatsg apobuwsdpwofile i on |

easier As a result of the refl ow owayithds conti nu

process could be a bottleneck was if the rest of the production line had drop rates lower than the

time it took the oven to intake a board (plus a bit of clearance space between boards). All of

CoachComrts producs experienced placement timefsneore than 40 seconds, witiver 90

percent of the o mp aprogutts taking greater than 2 minutes at one or more upstream station.

Therefore we could set a very slow chain spedtennecessary and utilize a long soak profile.

The long soak will alsallow sensitive components which may have absorbed some level of

moisture from the humid, warehouse production environment to dry out prior to the reflow

phase. This dry out period will ensw@mponents do no crack during the reflow phase. After

this important, extendesloak the reflow portion of the profile will also be brought into spec.
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The sol der specif i c affea solder pastersuggest 80csacandstond s |
one and a half minutes above liquidus and a maximum temperature of no ma2étha
Celsius. Due to component concerns a maximum temperature slightly lower than this
specification would be ideal. Installation of the Conceptronics oven will allow the company to
meet those specifications much more closely. Again this is a profiinet greater number of
controllable heating zones in the Conceptronics oven. The overall desired new heating profile is
mapped irFigure26. Here you can see all the facets of the heating profile which have been
mentioned inhe previous paragraph. Overall this new target profile will be much more robust
to process variations and would put much less stress sensitive compdhguts27 shows a
good comparison of the greater flexibility allowed bg aadditional heating zones. Itis
important to note the much cooler initial settings and long soak just below the reflow

temperature More thermal profile settings for the new oven are available in Appendix D.

A

Old Oven

Temperature

Time

Figure 261 New Target Profile vs Old Profile
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Vitronics Soltec Oven
Zonel| Zone 2| Zone3| Zone 4| Zone 5
14°C | 160°C | 17C°C | 190°C | 25C°C
Conceptronics Oven
Zone l| Zone 2| Zone 3| Zone 4| Zone 5| Zone 6| Zone 7| Zone 8| Zone 9| Zone 10
10C°C | 13C°C | 16(°C | 19C°C | 22C°C | 200*C | 200rC | 23CrC | 250rC | 250C
3.5Results
After instal ing and thermally profiling

Conceptronics oven, the results were very encouradingeerify that quality solder joints were
being producedwith this very diffeent profile solder joint cross sections from multiple boards
were producedFigure28 shows two cross sections which were taken from boards produced in

the new ovenmore cross sections can be seen in appendisFyou can sethe solder seems to

be attracted to both the component lead and the pad on the PCB. The joint exhibits good

wicking of the solder and in the case of the small passive component on the left, solder has even

crept unto the top pad of the devigdlong with the cross section analysisyrys were taken to

inspect the joint quality underneath packages which could not be visually inspected externally.
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Figure 2971 Joint Cross Sections CoachComm Belt Pack
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Figure 287 BGA X-ray CoachComm Belt Pack Processor
Board

Around 400boards with grid array packages have been run through the overitug to
pointandhave fundbnedcorrectly,so there was little worry abosérious defects under those
components NonethelessX-ray wascompleted on a selection BIGA components to prove
that good wetting was occurringrigure29 shows twoscreen captures of the xay analysis
(more xray images in Appendix E)Bridging underneatthese packages had been an issue
when CoachComm initially started producing ldegk assemblies. Theray analysis showed
no signs of bridging and the solder jointslameath these grid array packages apjoeioe of

good quality This result was in line with our expectations and further proved the merit of the

Conceptronis oven installation.
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