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A!BTMC'l' --
Thia report ia a theoretical ana~i• ot atreaaea exerted. on 

connector pin solder joint• ot RAFI Standard Hardware Moc!uJ.ea, Style 1~, 
during thel'llllll shock due to varying coefficient• ot expanaim between 
adjacent •teriala. An esti•te ia also a4e ot the solder joint strength 
and a cc:apariaon -.de between the two. AlthCNgh both aeta ot calculationa 
are wont cue analyllea (maxilllWll thel'llllll atreaa va. minimum joint strength 
tor teaperature extremes ot •55°C. to+ l25°C.) it appears that the 
■older joint will always withstand torcea equal to several times those 
induced by tbel'llllll elongation . 

Approved by~ 
• J!i1' I Of• 

Control Systems Branch 

~~~U!C ..,~ ;Aanaser of 
Experimental Research Division 
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PRIPACI 

An intrequent ·though peculiar c,.uae of failure in 1UJ'I 
Type 3, Standard Hardware Modules is rupturing of the solder joint 
between the inaulator contact pine and the copper lands. This is 
:p&&zlinc becauae previous experience, both here at RAFI and in other 
printed circuit applications ,8 has 1holm that the mechanical strength 
of the ■older fillet is generally IIUCh grea~er than that of the 
1urroundiD1 c011ponents or the board itself. This would indicate that 
other tactor■, perb&pe thermal stre11es, are at work and must be taken 
into account. 

Thi• report attempts a theoretical ~orst case analysis of 
the stre11e1 produced during thermal shock as well as the strength 
of tbe ■older joint. The work wu performed under the sponsorship of 
Special Project■ otfice, SP-23. 
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I. CCIICWSICIIB AID ImXIIClllmATIOllB 

A ccapari.acm ot caleul.&ted. ■older j olnt strength and applied 
fOl'Ce a1cm1 each ot the three mtually orthc,scmal axe■ (n1. 1) 1a 
preaentecl 1n Tabla 3. On the 'bula ot these ftcure■ lt 11 ■ate to 
concluda that actins alcme, thenaal ■tre■■e• experienced durinl ■hock 
(.55•c. to •125•c.) can be -■Uy vitbatood b:, the ■older joint with 
no lalla in MObanical integrt ty. Inn at the hilber temperature, joint 
■tnnath 1• ■ufflcient to pron.de a caatortable Mrgin ot ■atety. 
Althoap no data vu aw.il&ble tor c&leul.&ting strength at the cold 
atnae, it ■haul.4 pr°" to be even creater than that at roaa teaperature.5 

Ccnaequently, the pre1ent de■icn cont1gur&tic.t1 ot the ■older 
joint appeua adequate, and it poor electrical/aecbanic&l contact 11 
•ncCIUDtend.1 factOl'I other .than tbenaal ■hock ■halld be 1DTe■tipted 
u the prillllz7 cau■ e. These ll1gbt include externally applied stre■■e■, 
poor wttilll ot the joint, in■ufflcient ■older, etc., none ot V'hich 
wn ta.an into &ecOUDt in thia ■tuq. 

1 
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II. TICHlUCAL DISCU88IOI -------
A. ASSUMPrIOIIB 

It 11W1t be eapb&■ized here tb&t in tbe theoretical a~1• 
ot thermal 1tre1■e1 experienced in the Type 3 IIOdule■, '1&111' 11aplif)1.D1 
aa1uaptiona 1111t necessarily be -.de in order to arrive at any con­
clu1ione in a reuonable t ime. Ro attempt ha■ been made here to arr1n 
at the one "richt" answer tor 1ucb doe■ not exi■t due to tbe 111ltitu4e 
ot variables involved. The atre11ea obtained ■bould be taken only aa 
"ballpark" approximation• and aa such are uaetul pi-1•r1ly a■ rOUlh 
eati•te• tor comparisons or pi-eliminary design wort . 

The calculationa are divided into two Min l(:Ctione, the tir■t 
dealing with the torcea req~ired to rupture the ■older joint &loDI eacb 
ot three mtually orthoconal· axes (see Fig. 1), and the second 
coverinc the theral forces exerted on the joint in each ot tbe■e direction■. 
Since thi■ 11 intended to be a wor■t ca■e a._1.y,11, in •kine tbe aia­
plitication■ every ettort vu made to miniaize the ■trengtb ot the joint 
while IIIIIXimizing tbtJ thermal atre11e1. Followina are ■ 01119 ot the Mjor 
underlying a11umpttone: 

1. Entire u■ellbly alway■ exi1t1 in a ■tate ot unitol'II temperature 
~either .55•c. or +125°C.) 

2. All thermal elongation■ are additive in the ■ame direction and 
independent in tran■verl!e planes, u well aa reveraible. 

3, We are dealina with e■■entially a two-dimen■ional pi-obln; i.e., 
no attempt 11 a4e to include the re■trainina ettect■ ot the IIOdule guide 
■tripa or the other thirty-nine po■aible pin■ in the aaaellbly 
except vbere explicitly ■tated . 
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Figure 1 Typical Pin Solder Joint Configuration
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4. The IIOdul.e 11 in a atrea1-tree atate at the Wtial 
temperature; i.e., when taken trClll .55°c. to +l25°C. ncme ot the 
tenaile atnaaea produced by ther-.1 expanaicm an neutralized bJ' 
ccapre■■ive ■treaae■ produced in going down to -55°C. 

5. The pr1-.ry source of ■treH relief in the mo4ul.e 
during either heating or cooling 1■ the Sylprd 184 bonding •teri&l, 
due to it■ lc,w moclulua of elasticity and resulting high tl.exibility. 
The action■ of ther-.1 expanaion and atreBB relief in the Sylg&rd 184 
are taken to be independent processes . 

6. The solder joint where the connector pin -.us contact 
with ita copper pad satistiea au ■pecitication requirements (WS6UB)13 

in reprda to •chanical inwgri ty. 

7. For l.&ck of better data, the linear coefficient ot 
ther-.1 expanaion for the variOWI •teriala is taken as conat&nt r:ver 
the entire range -55 °C. to + 125 °C. 

8. It should be pointed ou.t that the mechanism of tbenal 
creep may haw an appreciable ettect on joint strength not taken into 
account here . Thi■ is a tt. me dependent phenomena in the • ol.4er i taelt 
which can produce a drastic decrease in strength if the joint remains 
in a stre11ed state for periocls of days or weeks at a time, especially 
at elnated temperatures. However, no reliable quantitatiTe theOl"Y' 
hu been preaented to either explain or predict this behavior. 

9. StreHea exerted on the pine by the encapsu].&nt 
(Sy}&&rd 182) are n,,.gllgible due to the tact that it baa a tree upper 
surface, allowing it to tlaw up and around the joint. Even if th11 

4 
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were not the cue and the Slygard 182 resin va1 aB1WD1d to be "atitt", 
preliminary calculations indicate that the max111111l force■ it might 

exert would be 1n the neighborhood of very 111all fractions of a 
pound. 

Other s1mpl1f1cat1ons of not ao broad a nature will be 

•ntioned later on along with the calculations, as they would not be 

clear here when taken out of context. 

B. STRII01'H or SOLDIR JOINT 

A diagna giving the contiguraticn of a typical solder 
joint 1a ahown in Fig. 1, in whi~h are labeled the three directions 
to be ccna14ered. Tbe variows intertacea between solder and joined 
place• are t&bn to have t~e miniaml .,urtace area poeaibl.e and still 
aaet apeciticationa. Tbe joint i t~elt 11 u1U1111td to have no 1.aper­
tectlcu i.e., air ppa or poor vettins. For nut of a better figure 
tba ■tren,th ot the solder-metal interface 1• uawaed equal to that of 
tm 1Nlk ■older (((),/40 Sn-Pb) u given in Table 1. If a"QYthins, th11 
will 111n1111ze tbe joint strength since in moat cues the ccabined 
•cbanlcal-chlmical nature of tbe bond 1a tbe 1tro!ll91t region in 
tba uaeab~. Purtber, tber-.11treu••• produced in tl:le joint 
itaelt are nealected since tbe 111111.&r coetticienta of expansion of 
tbl bru• &D4 con,er (Table 2) would tend to lessen &ff¥ tendency ot 
tba ut&la to p 1.ll away traa one another. 

Strenst,h t1gu.res were ccap1ted at both roa1 temperature 
&D4 125•c. lo data could be found to~ the solder strength at .55•c. 
Since no exper11111H1t&l data w.1 availabl.9 on the solder shear strength 
at elnated ta:penture•, it vu arl;itn.rily approxiated by uauainc 
tba ■- peroeatap 4ecreue u that ■uttered by the tenaile atrercth, 
1. e.: (see Table 1) 

Ta 9 125•c • ~ X 5,6oo • l,84o psi 

5 
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Table l Strength of Bulk 6o/40 Solder vs. Temperature4 

TDIP. °C. TBRBIIB STRBIIGTH BHBA.R STRIRG'nl 
'Dll1 'Dlli 

19 7300 -
25<1> 76oo 56oo 

50 6ooo -
75 54oo -

100 4ooo -
1.25 2500 -
150 16oo -

6 
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Table 2 Material Properties 

MA'l'DIAL THERM. COEF. 

OF EXMNB. 

D./IR.-°C X l<f 

5052 
AWMINUM .232 

CORNING 7740 
PrRIX GLASS .036 

smwm 1.82 3 . 

srowm 184 3 

BRASS t HARD .J.80 

COPIBR .176 

DIALLYL 
HmlALATI .470 

SYUWU> 184, 1.82: 

ELASTIC t«)OOUJ8: 160 psi 

SHUR )l)OOWS: 6o psi 

THERM. C<JfD. 

BTU-ff. 
0 1-HR.-n."' 

79.83 

.59 

.213 

.228 

104-67 

226 

7 

TENSIU: STRENGTH 

LB3./nf' 

3,000 

10,000 

900 

900 

35,000 

32,000 

5,500-9,500 
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The forrr11las used in the calculations are: 

F 

F 

[lbs] = a. [lbs/ i n111
] ·A [in2

] for surfaces in normal stress 

[lbs] = Ta [lbs/in2
] . A [in2

] for surfaces in shear stress 

¥ = naximum acceptable force in direction considered 

A = interface area exper i encing stress 

aa, Ta = tens i le strength and shear strength, respectively; 

the choice of which to use for a certain area is determined by the relative 

orientation of that surface to the direction of applied force . 

1. Strength in Y-Direction 
I 

@ Room Temperature (25°C) 

aa = 7,6oo psi 

Ta = 5,6oo psi 

F7 • ( .007)( ,05) Oa + 2( .007)( .02) Ta + 2( .05)( .02) Ta 

= (3.5 X 10- 4

) 7,6oo + (2.8 X 10- 4

) 5,600 + (20 Y. 10- 4

) 5,6oo 
= 2.7 + 1.6 + 11.2 

Fr = 15.5 lbs 

= 2,500 psi 
l,84o psi 

= (3,5 X l0- 4

) 

= .875 + 4.20 
Fr = 5.08 lbs 

@ 125°c 

2,500 + (2.8 X 10- 4

) 1.840 + (20 X 10• 4

) 1.840 

8 
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2. Strength in Z-Dir"ction 

@ Room Temperature (25°C) 

<1a • 7,6oo psi 

Ta "" 5,6oo psi 

Fa • ((.007)(.05) + 2(.007)(.02)] Ta+ (.05)(.02) Oa 
• (3.5 X l0- 4 

+ 2.8 X 10- 4

) 5,600 + (10 X 10- 4

) 7,6oo 
• 3.53 + 1.6o 

r, • u.13 lbs 

oa • 2,500 psi 

Ta = l,84o psi 

Fa • (3.5 X l0-4 
+ 2.8 X 10-4

) 1,840 + (10 X 10-4 ) 2
1

500 
• 1.16 + 2.50 

F1 • 3.66 lbs 

3. Strength in X-Direction 

8 Room Temperature (25•c) 
Oa • 7,lioo psi 

Ta • 5,6oo psi 

Fa • ((.007)(.05) + 2(.05)(.02)] Ta+ (.007)(.02) C7a 

• (3.5 X 10- 4 

+ 20 X 10- 4

) 5,600 + (1.4 X 10- 4

) 7,6oo 
• 13.15 + 1.06 

11 • 14.21 lba 

Oa • 21 500 psi 

Ta • l,84o ~s .1. 

@ 125•c 

,. • (3.5 x 10·• + 20 x 10-4) l,84o + (1.4 x 10-4) 2,500 
• 4.32. + .35 

F1 • 4.67 lbe 

9 
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C. THERMAL EIDRGATI<llS ARD STJtESsr.s 

The ~lonp.tion experienced by a meaber 1ubjected to a 
cb&ng@ in temperature is linearly proportional to both 6T and 1t1 
initial length. This is expreHible aa: 

AL [in) = Q' [in/in- •c] • L[in] • fir [•c] 

where flT .. change in temperature of the aterial 

L • initial dimension of the member in direction ot intereat 

a • experillentally determined coaatant ot proporticmal1_., Thia ii 
u~ually rcf~rred to as thP. linP.ar coerfici~nt o! ~hermal expansion; 
value3 for the variouB materials we are consiieri"I are preaented in 
Table 2 along with other thermo-physical properties. 

In reality, the relation 1s not really linear since it is :!epcn,l,:,nt on 
t'le tP.lllp:! r.atu-re ~n,l st3t~ c:>f atress in the -.~eri11l, as we!l. u :>ther 
V'tLrh 'Jle,. For our purpose, it is assumed constant over the entire 
range -55°C. to 125°C. The temperature at which all dimensiona in tbe 
module my be considered nominal is somewhat ambiguous. We will in 
all cases uae the dimensions as shown on tbe applicable drawing (ref. 
14, 15) as the "initial" figure regardle11 of the direction of thermal 
shock. This may seem a rather drastic supposition, but since fl L's 
are orders of agnitude amller than the L's, it is acceptable for our 
pirpose. Note that this implies that the theru.l 1tre11es induced from 
125°C. to -55°C. (compressive) are equal in magnitude but opposite in 
sign to those experienced in going trom -55°C to 125°C. (tenaile). 

10 
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In cc:ap1t1ns tbe re1ult1ng 1tre11e1, tbe tu111ar Hooke• 1 

IAw 11 uaed tor elUtic •teri&ll: 

where 

a [lbs/ina] = E [lbs/ina] • 1 

T [lbs/ ina ] = G [lbs/ ina ] • 'V 

a, T = noral, shear stresaes, respectively 

E, G a aodul.Uod ot el.Uticity, shear modulus 

,, 'V = noral, shear ■train 

In attacld.ng the problea, n add up all the ,.ppropriate 

leQltb cb&np■ vhich occur abcmt the bcn41111 •terial and thole vtd.ch 

ooaur below it and uae the re■ultant ditterence to ccap1te the strain 

and ■tru■ u:erted on the Sy-lprd 184 bond. Then a siapl.e lllltipllcation 

by contact area vill pron.de the torce tranaitted to the ■older joint. 

Here it lula been assumed that there is enougl- "give" in the f5ylgard 184 

1.&19r to en&ble it to abaorb enough cSen.ection 10 u to au &ff¥ 

a441t1cmal then&l 1tre11e1 in other layers Dftl]S.gible; in other vorcSa, 

9'ftr,th1111 but the bondina •ter1&1 reain■ ''1titt". 

1. lm1ir\ Pgrce 1n X-Direction 
Reter to Fig. 2. 

11 
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3.9 X 10•511 Copper 

o 020 II Pyrex 

.00211S7].prd 184 

.._..,__.12511 

not to ■cale .155 11 

Figure 2 Style 1-A Module Cross-Section 
(Only top half shown due to synmetry) 
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On top of bond 

Brass contact pin 

trf • (.18o X 10'°")(,155)(125 + 55) 

Copper pads 

t:,.y = (.176 X 10-4 )(,123)(125 + 55) 

Pyrex 11ubstrate 

t:,.y ~ (.036 X 10'°")(,125)(125 + 55) 

Total 

On bottom of bond 

Aluminum heat sink 

flY = ( .232 X 10-4 )(, 155)(125 + 55) 

Sylgard 184 bonding material 

t:,.y = (3 X 10-4 )( ,125)(125 + 55) 

Total 

= 

= 

= 

= 

-:a 
,0390 X 10 in, 

,0081 X 10-:a in, 

,0973 X 10-:a in. 

,0646 X 10-:a in. 

,6750 X 10--- in. 

,7396 X 10-:a in. 

Actually, of course, the Sylgard 184 thernal expansion doesn't 

rightly belong in either the "bottom" or "top" column; however, since 

we are concerned here with only relative deflections between the two 

interfaces and the other changes are far snaller, the choice is arbitrary. 

Sylgard 184 
) 

.002 

I ' I + 

Figure 3 Shear Defornation of Bond in Y-Direction 

13 
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The shear deflection experienced by the Sylgard 184 (Fig. 3) 
is the difference of the above totals: 

6 

T 

= (.7396 - .0973) X 10-a 

.6423 X 10-a = 

= GY 

-a .2 X 10 

= 6o X 3.21 
T = 192 psi 

= 3.21 

G = 6o psi 

If P denotes the force applied to the solder joint: 

Py = T • A 

Py 

= 192 • (.065)(.123) 
= 192 '8 X 10-3 

= 1.54 lbs 

Note that where some of the elongations nay be negligible in 
comparison to others, they have been included for the sake of clarity. 

2. Exerted Force in Z-Direction (Refer to Fig. 2) 

On top of bond 

Diallyl Phthalate insulation 

AZ = (.47 x 10-4,)(.050)(125 + 55) 
Brass contact pin 

• .04230 X 10-a in 

/fl. • (.180 X 10◄ )(.007)(125 + 55) • .00227 x 1o•a in 
Copper pads 

bZ = (.176 x 10◄ )(3.9 x 10·5 )(125 + 55) = .00001 x 1o•a in 
Pyrex substrate 

bZ = (.036 x 10◄ )(.020)(125 + 155) = -a .00130 X 10 in 

Total .04588 X 10 -a in 
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On bottom ot bond 

Aluminum heat sink: 

l:JZ, • (.232 X 10◄ )(.0125)(125 + 55) 
Syl.gard 184 bonding •terial: 

t:fl., • (3 X 10◄ )(.002)(125 + 55) 
Total 

-• = .0052 X 10 in 

= .0108 x 10·., in 

.0160 x 1o•a in 

Figure 4 Nornal Elongation ot Bond in Z-Direction 

I 

The nornal defiection (Fig. 4) is: 

= (.0459 - .0160) x 1o•a 

= .0299 X 10-a 
.2 X 10-a 

= .150 

_., 
= .0299 X 10 in 

a • E . I E = 160 psi 

a = 160 X (.150) = 24 

P1 • a • A 

Pa = .192 lbs 

15 
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3. Exerted Force in X-Direction 

1 Here an attempt is made to estinate the ther1111l forces 

. J 

I 

t) 

1· 

[ 

J 

J 

experienced by one of the four pins located farthest from the module 
center line, i.e., in the 1 or 20 position. When looking down on the 
printed circuit board, the module appears as in Fig. 5 where only the 
essential parts of the as sembly are shown. In this direction, the 
Sylgard 184 is constrained betw~en the guide strips mounted on the heat 
sink at the sides of tr.e module. Thus, the elongation below the bond 
in this case is limited to that occurring in the aluminum. 

On toE of bond 

Diallyl Phthalate insulation 

AX = ( .47 X 10-4 )( .950)(125 + 55) 
Brass contact pin 

AX = ( .180 X 10-4)(.050)(125 + 55) 
Copper pads 

AX = ( .176 X 10-4 )( .065)(125 + 55) 
Pyrex substrate 

!Si. = (.036 X 10-4 
)( . 950 )(125 + 55) 

Total 

On bottom of bond 

Aluminum heat sink 

fSi. = ( .232 X 10-
4 

)( • 950)(125 + 55) 

Total 

16 

= 

= 

= 

= 

.8o40 X 10-2 in 

.0162 X 10-cl in 

.0206 X 10-cl in 

.0616 X 10-cl in 

.9024 X 10-cl in 

. 396 X 10-■ in 

. 396 X 10-2 in 
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X - -
- I t-l_ Guide 

Strip 

J. 
·-

PIN SHIBLD 
I ~ Diallyl 

Phthalate 
20 

I • I 
• -9' 

Figure 5 St:fle l•A Module Frontal Viev 
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l _6_J:--
I 

I 

' I 
.002 I I ' I 

'1 I Sylgard 184 I / , 
4 I 

I 4.J v 

T 
Figure 6 Shear Deflection of Bond in X-Direction 

The 184 resin experiences a shear deformation of Fig. 6: 
6 = (. 9()24 - .'396) X 10-:a = • 5064 X 10-2 in 

.5064 X 10-2 

.2 X 10-:1 
y = 

T = G . 'V G = 6o psi 
= 60 X 2.53 

T = 152 psi 
Px = T • A = 152 • 8 X 10-3 

Px = 1.22 lbs 

These results, as well as the calculated values of joint strength, 

are tabulated in 'l'abl-e 3. The last column gives the ratio of Joint strength 
over applied force as an indication of the margin of safety. 

18 
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Table 3 Comparison of Joint Strength of Appli ed Thernal Forces 

Direction on Ratio o Strength 
(lbs) 

25°/125°c 25° /125 °c 
y 1. 540 15.5/5.08 10.0/3.30 

X 1.220 14.2/4. 67 11. 6/3.83 

z .192 11.1/3.66 57.8/19.1 

19 
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