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Method to evaluate a possible lead-free solder reflow temperature profile
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FOREWORD
he International Electrotechnical Commission (IEC) is a worldwide organization for standardi sing
national electrotechnical committees (IEC National Committees) mote
ternational co-operation on all questions concerning standardization in the ele . To
is end and in addition to other activities, IEC publishes International Stan ons,
echnical Reports, Publicly Available Specifications (PAS) and Guides “IEC
ublication(s)”). Their preparation is entrusted to technical committees; a E sted
the subject dealt with may participate in this preparatory work non-
overnmental organizations liaising with the IEC also participate in fh sely
ith the International Organization for Standardization (ISO) in &ccord d by
reement between the two organizations.
he formal decisions or agreements of IEC on technical mattg 5 onal
onsensus of opinion on the relevant subjects since eac 2 representatlon from all
terested |IEC National Committees.
EC Publications have the form of recommeé onal
ommittees in that sense. While all reasdpabl IEC
ublications is accurate, any
isinterpretation by any end user.
h order to promote international uniformify, IEC_NatidnaNComixjttees undertake to apply IEC Publicafions
ansparently to the maximum extent possible i ence
etween any IEC Publicatiopahd the £d in
he latter
FC provides no marking any
quipment declared to
Il users should
o liability shall , i employees, servants or agents including individual expertg and
embers of its techn{cal j ECA je or
ther damage of A4 and
xpenses arising\ out\ o IEC
ublications,
ttention is\drawn iops is
disper
ttentio jecct of
atent righ
main task of Y'technical committees is to prepare International Standards. Howevgr, a
nical committee may propose the publication of a technical report when it has collegted
afra-different kind from that which is normally published as an International Standard| for
'npln "state of the grt"

exa

IEC

The

60068-3-12, which is a technical report, has been prepared by IEC technical
committee 91: Electronics assembly technology.

text of this technical report is based on the following documents:
Enquiry draft Report on voting
91/601A/DTR 91/636A/RVC

Full information on the voting for the approval of this technical report can be found in the
report on voting indicated in the above table.
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A list of all the parts in the IEC 60068 series, under the general title Environmental testing,
can be found on the IEC website.

The committee has decided that the contents of this publication will remain unchanged until
the maintenance result date indicated on the IEC web site under "http://webstore.iec.ch" in
the data related to the specific publication. At this date, the publication will be

* reconfirmed,

* withdrawn,

* replaced by a revised edition, or
+ amended.

A billingual version of this publication may be issued at a later date.
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Method to evaluate a possible lead-free solder reflow temperature profile

1 Scope

Thig part of IEC 60068 serves as a Technical Report and presents two_approaches| for
estgblishing a possible temperature profile for a lead-free reflow soldé¢ Rrocess- uging
SnAgCu solder paste.

Thig process covers a great variety of electronic products, including age
sizgs (molded active electronic components, passive compghents\and ical
conponents).

Stugly A addresses requirements needed in the producti lectronic control
units (ECU). These requirements include, but are not'limited™to, tion
tolerances.

Stugly B represents consumer electro ard
des|gn and package sizes.

2 |Basics

The| process tempera quid
temperature of the solde een
components exisi~bu e is
aboput 20 K to il paste. Furthermore the temperature differgnce
between componefis r and sometimes heat resistance temperatur¢ of
conjponents is excs

To avoid soldeéri i could be very harmful in safety related applications and glso
gen}rate higher faily he capability of the soldering process is very important.
A comppomis bween the temperature requirements of highly reliable solder joints and|the
limifed solder™Re nce of the electronic devices has to be found. In addition,|the
diffgrent asp vass production have to be covered. To achieve a reliable solder joint,

the | conventigna
performed-at a minimum peak temperature of about 203 °C at the coldest solder joint (i.q
leaqt 20.K above the liquid temperature of SnPb Tj;,,iq = 183 °C).

reffow soldering process with eutectic SnPb solder paste is usyally

. at

The selected lead-free solder is SnAgCu with a melting point at around T”quid =217 °C [1]

T 1t

is a generally preferred material for lead-free reflow and wave soldering in mass production
[2]. Using SnAgCu solder paste, it is not possible to solder the coldest solder joints at least
20 K above the liquid temperature (T)iq,iq = 217 °C), which would result in minimum
temperatures of 237 °C. When the coldest solder joint is 237 °C, the temperature spread

between small and large devices, small semiconductor, and passive components, as wel

| as

the printed circuit board (PCB), will be so large that the devices will not survive the heat

impact. Despite the aim to achieve a relatively low temperature at the coldest solder joint,

the

reliability of the solder joint has to be assured (for instance, for safety related applications in

automotive industry).

1 References in square brackets refer to the bibliography.
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To reach this target in Study A, the temperature at the coldest solder joint is taken to be
Tmin = 230 °C, minimum for 20 s, which is just 13 K above the melting temperature. This
corresponds to 1 s at 233 °C resulting from the peak shape (see Figure 1). From a physical
point of view, the risk of insufficient solder wetting during mass production is significantly
higher if the solder joint temperature is lower as the above mentioned 230 °C. In addition, new
lead-free termination finishes (like tin layers with a post bake process or very thin NiPdAu
finishes) are known to wet poorer than conventional SnPb pin finishes.

240 ——
235 | [Coldest solder joint |

225 1 1 !/',rZOsat 230°C |

215
210
205
200

°C

The| experiments had beenp : the
newest oven equipment,N 9 i / full convection, N. atmosphere. Sgven
ovefps from European [and A were evaluated in 2003. Only four off the
seven ovens were able irements concerning the temperature spre¢ad.

Thelse were the@s W

If the components ¢ imaterial regardless of the cost, it may solve the heat
resiptance issue/b 3 Yot be feasible for industries. To overcome this problem, |two
appfoaches are used\o s cgmpromise with reasonable cost. One is from compongnts
by jmproving Si and the other one from assembly including board degign
(alignme nen hpard size, etc.) and reflow oven capability (heating method,
nunmberqf heatinglzane, etc.) by reducing AT.

3 |Boards under investigation

3.1| <{Fest board approach

For the experiment in Study A, a special test PCB was designed. Polyimide resin with a glass
transition temperature of Tg = 260 °C was used as base material for the PCB. The test board
can represent the whole automotive ECU spectrum. The largest temperature difference (AT)
between the coldest solder joint and the hottest point existing on this printed circuit assembly
(PCA) spectrum is reflected on this test board (AT can be even larger for even more complex
PCAs). The coldest solder joint was represented by a defined thermal mass. Its temperature
behavior was correlated with the temperatures of the coldest solder joints on serial boards.

3.2 Production board approach

For Study B, PCB and reflow oven are taken from actual production.
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Temperature tolerances

Temperature tolerances in Study A

For tolerances during temperature profiling, different systematic failures shall be considered.
First of all, there is the failure during temperature measurement itself. The measurement was
performed in the centre on top of the packages with a well defined and repeatable preparation

technique. Nevertheless,

the failure due to preparation had to be fixed within £1,0 K.

In

addition, the thermocouple (NiCrNi), together with the evaluation unit has an accuracy of
+1,5 K for pre- selected thermocouples Accordmg to IEC 60584-2 the N|CrN| thermocouples,

class
itse
the

stahili

Thermocouple with measurement unit: +1,5K
Preparation: +1,0K
-urnace load: +0,5 K
| ong term stability of furnace: +2,5 K

Because these errors are independent, the Gaussiaph en® an be applied, w
resylts in a total tolerance of £3,0 K, due to errQrs and variations in m
prodluction. The tolerance of —3,0 K rgsuylts ip% t toyprofile the coldest so
joint at 236 °C, instead of 233 °C (i.e\23 nce is known as the “Ig
tolefance”. In addition to the measurems ; ati due to mass production,
inflyences of the test board have to/be conside The measured temperatures of
eleqtronic components depend also \on the test board because of
longitudinal and transversa fUrnace and along the test board

Figdre 2). These tempers S e _result of the heat flow conditions in
furnjace and around the . org, the actual temperature of a device can be u
3,5 K higher than the [/measuns ) at\the—position where the device is mounted on
test e device position was measured independs

befd

the assembled test board.

board. The t e
re measurin

origitudinal

temperatur
rofile
P D Device position

hich
ass
Ider
wer
the
the
the
see
the
p to
the
ntly

on test board
/Direction of
transportation

IEC 341/07

Figure 2 — Position of the assembled devices and temperature dependence
on the device position
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The thermal mass on the test board, which represents the coldest solder joint on the serial
boards, was designed in such a way that position-dependent tolerances were already included.
The upper temperature tolerances consist of the position-dependent temperature tolerances
of 2 K to 3,5 K and the above mentioned +3 K. This leads to a total upper tolerance of 5 K to
6,5 K. Regarding the whole temperature window of the lead-free soldering process, a total
position dependent temperature tolerance of 8 K to 9,5 K has to be added to the measured AT
spread of the devices (see Figure 3).

.|Smal
devicks

Upper tolernaces (measurement, equipment N
and position on test board 5,0 K-6,5 K)

Large
devices

/.

Measured AT between coldest solder joint
and hottest device within each class

AT ice!

Lower tolerances (measurement and equipment) 6°2:

33 °C.

20s 230 °C.

IEC 342/07
NOTE Electronic devices are dj
Figure 3 — Lowerand\upp grances of the reflow solder profile
4.2| Tempera q : ize influence in Study B
In the consumer G red’ temperature includes lower temperature tolergnce
and|upper temperd yréfore at the coldest solder joint temperature of 230[ °C,
the |‘worst-case’ t e gs 227 °C (i.e. 230 °C — 3 K) which is still 10 K higher
than the melji 3
2
[&]
>
°
]
a
o E
S 5
o x c
82 . § 3 .§ 8
0o © o [o8 c
gg8 2,2 82
25§ soon S
g O O § - -
n " AT=20K
AT between coldest solder joint and hottest AT = 15K
component within the board - AT=10 K
230 °C —»
Minimum condition for high reliable soldering Total tolerance 3 K
Temperature: 230 °C 227 °C min.
Soldering time: 10 s to 30 s 13K
Melting point of the SnAgCu: 217 °C -
IEC 343/07

Figure 4 — Temperature tolerance and board size influence
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5 Peak form and width

5.1 Peak form and width in Study A

The requirements were to maintain a temperature of at least 230 °C for 20 s at the coldest
solder joint, and to limit the peak package temperature of the smallest devices (e.g. SOT23,
small LQFP, TopLEDs and passive components) to Tpeak < 260 °C. In order to meet these
requirements, a soak type preheating, as well as a hat type soldering peak were necessary in
the investigation. The soak type preheating allowed the temperatures of the individual
packages to be close to each other upon entry into the peak zone (see Figure 7). The hat type
form_of the soldering peak was used to minimize the temperature differences between the
indiyidual packages during reflow soldering. After conducting the experiment, 7it was
disdovered that the hat type form of the soldering peak required a soak ti 40 s @btT {ax —
5 K|= 255 °C for the hottest devices on the PCB (see Figure 5).

265 (\
T T \

140 s at 255 °C |
255 - PCB \.IT;F \\ \\
v A
250 H{LQFP 14 x 14k —‘J_ﬁ-/\\ X

A

o 2:2 TILQFP 20 x 20 J k"v ( m \\v
- oossodben |
235 1 ‘O Solgeryqing|
225 T l P N3 M
20 | g RoSat23ac] |
215 \ \/ 1 K

10 320 330 340 350

IEC 344/07

NOT

5.2
Figu ; erature profiles on QFP lead and 1608 size SMD resistor using the same
boa low ovens. Even reflow oven (Maker B) having more heating zgnes

shows wider“AT thafi Maker A oven. Thus AT does not depend on the number of hedting
zongs of the reflow oven but on the design of the reflow oven.

The peak reflow temperature for smallest components may vary by reflow oven being used.
Also board size and board design are other factors affecting the peak reflow temperature.
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Maker A Maker B
7 zone = 12 zone

_ AT=15°C 230 °C

/i»’!{ DSSEsS==Cn

T —— AT=20°C

io
=2
o]

/ ’j"
s QFP Lead
1608R
IEC 345/07
6 |Classification
6.1| Device classification in Study
To ¢lassify the non-hermetic id e : ! evices into temperature groups ith
respect to the reflow p Ne}: eat conductivity should be taken |into
congideration. To simplfy the stud corqponent similarity with respect to the composition
(mojded silicon) is t Mate 9 Aty the package volume and thickness |are
congidered. In FEig ! t erature measurements of molded compongnts
usirlg the descr S d wi spakpreheating and a hat type reflow soldering geak
are |shown. The trapSperiati S 850 mm/min and the temperature measurements
werg performed of o' of the¥packages. In total, the temperature profiles forl 19
chafacteristic molded nd several passive and electromechanical devices were
megsured o zone reflow oven with full convection. Between the colglest
solder joint and th If temperature difference of 13 K was measured. Small plgstic
conjpong all copnectors, switches or TopLEDs showed even higher peak packlage
temperatures v h 3 ature difference of 17 K from the coldest solder joint [3,4].
[PCB and small devices |

220 i 7 i

| BGA| .

=1%) f \

< 140 : :
~

100

60 7

20

50 100 150 200 250 300 350
t's IEC 346/07

NOTE Temperature tolerances are included.

Figure 7 — Representative test board measurements
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Table 1 shows the measured temperatures and the temperatures achieved when the lower

and upper tolerances are being added. Temperatures shown are for severa
molded devices with different peak temperatures.

Table 1 — Measured temperatures of devices and values
including lower and upper tolerances

| characteristic

Temperature
Device Measured Lower Including lower Upper Including upper
value tolerance tolerance tolerance tolerance
°C °C °C °C °C
Coldpst solder joint 233,0 3,0 236,0 - -
PLCE52 234,0 3,0 237,0 G/Q( 243,0
TO2$3 239,5 3,0 242,5 &0 (O 247,5
BGA|(24 mm x 24 mm) 240,5 3,0 243,5 Q 8o N 2495
LQFP (14 mm x 14 mm) 243,5 3.0 256,5 ( \6,(\ \ 52,5
PCD|(SOT-devices) 247,0 3,0 250,9/\ N % \ 255,0
NOTE The upper tolerance is dependent on the position of the device o eéﬁkd Wlerance of 3,0(K
reprgsents the value that the minimum solder joint temperature hag'to bexaiseddos due\to the'mentioned
meagurement and process tolerances.
\)/'\
In these examples, the maximum tex ference between actual measured [and
tolefance corrected values was 9,5 rrec temperatures represent |the
thegretically possible maximum packag the devices during reflow soldering.
Referring to molded components ( gnts) their internal structure is yery
sim{lar. The specific heay’capacity e onductivity do not deviate significgntly
(meftal based lead fram Therefore, it is possible to create
temperature classes f e referring to volume and thickness of|the
molfed devices. e_for\the wide range of passive and electromechanical
conjponents. SQ olded cemponents reached peak temperatures of 260|°C.
In addition, man d components are commonly qualified with a 260 °C peak
tem g upper temperature device group was defined as|the
260 250 °C for large molded components and a clasp of
245 ents was set.
Table 2 re classification of nonhermetic solid state surface mount
ferring to volume and thickness of the devices
Thickness(/ Volw < 350 mm3 350 mm3 - 2 000 mm3 > 2000 mm3
<1,4 mm 260 (- 0) °C 260 (- 0) °C 260 (- 0) °C
1,6 MM.%2,5 mm 260 (- 0) °C 250 (- 0) °C 250 (- 0) °C
>2,5mm 260 (- 0) °C 250 (- 0) °C 245 (- 0) °C

NOTE The package volume excludes external terminals and non-integral heat sinks.

6.2 Board classification in Study B

Between coldest solder joint and hottest component package or PCB AT ranks from 1 K for

small boards to 9 K for mid-size boards.

Figure 8 shows temperature profiles of the PCB surface and under the BGA on the small
board. The maximum temperature under the BGA is 229 °C with 20 s above 225 °C and the

maximum temperature of the PCB is 230 °C.
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Figure 9 shows temperature profiles of the PCB surface and under the BGA on the mid-size
board. The maximum temperature under the BGA is 228 °C with 26 s above 225 °C and the
maximum temperature of the PCB is 237 °C.

From this study, AT between coldest solder joint and hottest component package or PCB
could be assumed as follows (refer to Figure 4);

Small size board (e.g., digital camera, camcorder): 10 K
Mid-size board (e.g., PC, set top box): 15 K
Large board (e.g., non-consumer product): 20 K

TR T
————— Temperature profile — |

=+ =iE LS

= - ———=—"== E
=— - = e -

e e =

P — == r—————

=/ | -PCBsurface 230°C
i { - Underthe BGA 229 °C

AL

f;ii;/*\

Under the BGA
IEC 347/

N

surface
237 °C max.

- Under the BGA
228 °C max.

PCB surface
Under the BGA

IEC 348/07

Figure 9 — Example of the mid-size board (PC)
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7 Consideration for a lead-free reflow temperature profile

7.1 Determined lead-free reflow temperature profile in Study A

The performed measurements and the given argumentation lead to a possible reflow profile,
which covers the described requirements of lead-free mass production (Figure 10). Once a
device is qualified, using this reflow profile, it can be used in a wide range of electronic
control units. To assess the components ability to withstand the solder process the devices
should be subjected to soldering simulation at least three times using this temperature profile.
This is necessary to ensure the reliability of the device during more than one reflow soldering

proce oldering in ma production shall be performed below th miting temperature line
to ¢nsure that the device will not be stressed too much during the assembly prdcess.
Thefefore, the proposed reflow profile could help define the borders b n the.deyice

suppliers and the device assemblers.

400

IEC 349/07

NOT

In T

émperature profile in numbers

Small devices Large Very large
Pre-heat
7
Ramp-up/rg@o 150 °C 3 K/s (average value over 10 s)
Timd frgm 190 °C to 200 °C Min. 110 s
Peal

Ramp-up rate from 200 °C to T, 0,5 K/s — 3 K/s (average value over 10 s)

peak

Time above Tgg)igus (Min. 217 °C) Min. 90 s

Peak temperature Tpo, 260 (-0) °C 250 (-0) °C 245 (-0) °C

Time above Tpeak -5H Min. 40 s Min. 30 s Min. 30 s

Cooling

Ramp-down rate from Tggiqyg (Min. 217 °C) Up to 6 K/s (average value over 10 s) device
dependent

General

Time 25 °C to Tpeak Min. 300 s
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