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NTU

Pr

Re

Th

St

NOMENCLATURE

total heat transfer area on one side, ft2
minimum air side free flow area, ft2

total frontal area air side, ft2

plate thickness, ft

plate spacing, ft

specific heat at constant pressure, Btu/lbm-°F
friction factor, dimensionless

mass velocity, (w/A,), lbm/hr-ft2

conversion factor; g, = 32.2 (1lbm/1bf)(ft/sec®)
heat transfer coefficient, Btu/hr-ft2-°F
thermal conductivity, Btu/hr-ft-°F

total flow length of heat exchanger, ft

number of transfer units, dimensionless
Prandtl number, dimensionless

heat transfer rate, Btu/hr

Reynolds number, dimensionless

hydraulic radius (A,L/A), ft, br, = hydraulic diam
Stanton number, dimensionless

temperature, °F

overall heat transfer coefficient, Btu/hr-ft2-°F



NOMENCLATURE ( Concluded)

\ volume, ft3
Vg air volume between plates, ft°
w mass flow rate, lbm/hr
Greek
0 ratio of total heat transfer area on one side to total volume
of heat exchanger A/V, ft2/ft3
B ratio of total heat transfer area on one side of a plate-fin
heat exchanger to the volume of air between plates on that
side, A/Vp, Tt2/ft3
® water channel thickness, ft
€ heat transfer effectiveness (Ref. 24), dimensionless
Mo total surface temperature effectiveness, dimensionless
o A./Apg, dimensionless
o density, lbm/ft3
H viscosity, lbm/ft-hr
v see Eq. (22)
Subscripts
c cold (air) side of heat exchanger
h hot (water) side of heat exchanger
w wall
max maximum
min minimum
i inlet
o reference heat exchanger.
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ABSTRACT

This is a progress report covering the first six-month period of effort,
Oct. 1, 1962, to Apr. 1, 1963, on research directed at the problems of man-
ufacturing an air-water heat exchanger suitable for automotive application by
the electroforming process. Such an exchanger would be constructed without
soldered joints. The work has been divided into three parallel phases: (1)
selection and evaluation of core designs; (2) a metallurgical study of the
physical properties of electroformed copper sheets and electroformed copper
Jjoints; and (3) the production of an electroformed heat exchanger. Phase (1)
and (2) are underway at The University of Michigan, and Phase (3) is being
done at the Graham-Savage Associates, Electroformers of Kalamazoo, Michigan.

Eighteen different heat exchanger core configurations have been evaluated
on the basis of their thermal performance and the most compact type identified.
This design consists of the plate-fin core with the fins ruffled in order to
promote the turbulent flow of air, thus providing improved heat transfer ca-
pability. Wind tunnel apparatus suitable for determining the experimental
performance of an electroformed core has been designed and constructed. The
design of the first electroformed core has been established, and its constuc-
tion, as well as that of a similar core having soldered joints for comparative
study, was started. !

Tensile test data on electroformed copper from a fluoborate bath pro-
duced at Savage Rowe Company averaged approximately 27,500 psi with a uniform
elongation of 8.0%. The limited fatigue data available indicate a fatigue
limit of 10,000 to 11,000 psi based on 10 x 10° cycles. Published data on
the tensile strength of soldered Jjoints vary from 13,000 to 29,000 psi with
fatigue strengths of 200 to 40O psi for stresses to produce damage in
3,000,000 cycles. The published literature on the properties of electro-
formed copper give tensile strengths varying from 17,000 to 90,000 psi de-
pending upon plating conditions. Grain size has a pronounced affect on the
strength, the finer grained deposits being the stronger.

vii



1. INTRODUCTION

This is a six month progress report covering research activities from
Oct. 1, 1962 to April 1, 1963. Owing to the problems of the recruitment of
personnel and the start of the fall semester at the University, essentially
full-time studies began Oct. 1, 1962.

The research reported here involves a study of the feasibility of de-
sign and the performance characteristics of an air-water heat exchanger
suitable for automotive application which is partially or wholly manufactured
by the electroforming process. At present, common automobile radiator design
and manufacture process consists of preformed tubes or water channels furnace
soldered to dimpled or otherwise corrugated strip spacers forming a fairly
compact and inexpensive matrix. Owing to the presence of the solder joints,
however, there appears to be a definite possibility for design improvements
if such joints can be eliminated. From the standpoint of thermal performance,
the presence of solder is disadvantageous as it introduces undesirable thermal
resistance at a critical point in the heat-flow path. This tends to require
larger and heavier radiators to accomplish a given cooling task. Further-
more, soldered Jjoints are subject to selective chemical attack from salt de-
posited on the highways to melt ice in the winter and to suppress dust in
the summer. Such chemical attack causes further loss in thermal capacity by
separating the spacer from the water channels as well as by providing a source
for engine coolant leakage. Soldered joints are also susceptible to fatigue
failures in service and the amount of solder necessary for manufacture adds
undesirable weight to the radiator.

In view of these problems it has been proposed to study an entirely new
method of forming the joints between the spacers (fins) and the water chan-
nels. This method is to produce an integral and metallurgicaelly uniform Jjoint
either by electroforming both the spacer and water channel as a unit or by
Joining a preformed spacer and water channel by an electroforming process
using copper as the material of construction. Either method, if successful,
would produce a thermally superior joint and result in a radiator core of
improved structural integrity and lower coolant leakage probability than the
present soldered cores. The resulting core would probably be smaller, lighter,
and more reliable than present automobile radiators. It is recognized that
such a core must also be economically competitive. This latter consideration
willl probably be decided by the success of the electroforming process phase of
this study in which it is expected that current techniques will require ex-
tension or that new ones will have to be developed based on an improved under-
standing of the nechanics of electroforming.



The research is divided between three related but parallel phases: (1)
selection and evaluation of radiator core designs from the standpoint of their
thermal and frictional pressure drop performance; (2) a metallurgical study
of the physical properties of electroformed copper sheets and electroformed
copper Jjoints, including microstructure characteristics, and tensile and fa-
tigue strengths; and (3) the production of an electroformed radiator satis-
factory for automotive application. This last phase is being conducted by
the Graham-Savage Associates, Kalamazoo, Michigan, under the direction of Mr.
Frank K. Savage, Vice-President. Close technical liasson is maintained be-
tween the Graham-Savage Associates and The University of Michigan but con-
tractual arrangements with the International Copper and Brass Research Associa-
tion, Inc. are conducted independently. The first two phases of the research
are being carried on at The University of Michigan with Prof. C. A. Siebert
of the Department of Chemical and Metallurgical Engineering responsible for
the metallurgical phase and Prof. R. B. Keller of the Department of Mechanical
Engineering responsible for the radiator test program. Professor J. A. Clark
of the Department of Mechanical Engineering is overall Project Director as
well as having responsibility for the heat exchanger analysis and selection
phase of the research. Mr. Richard D. Chapman, Director, Automotive Develop-
ment, Copper and Brass Research Association, contributes to the general plan-
ning and assists in the coordination of the research between The University of
Michigan, Graham-Savage and Associates, and the International Copper and Brass
Research Association, Inc.



2. HEAT EXCHANGER ANALYSIS

The selection of the type of heat exchanger matrix suitable for an auto-
motive radiator begins with an examination of the performance characteristics
of typical existing air-water heat exchanger cores. The determination of the
performance characteristics depends on the availability of generalized basic
friction and heat transfer ddta of an experimental nature. Probably the most
recent and comprehensive data of this kind presently available are those of
Kays and London published in their book Compact Heat Exchangers.l This study
reports the heat transfer and friction characteristics of 88 different kinds
of extended surface heat exchangers suitable for gas turbine (gas-to-gas) or
automotive (air-to-water) application. From this group 17 different matrices
were selected for study and their relative thermal and friction performance
determined. An eighteenth core included for comparison is a McCord Corpora-
tion type "GN" Honeycomb core for which the heat transfer and friction data
has to be estimated from the best available source. A brief presentation of
the analytical procedures follows.

The heat-transfer rate q in a heat exchanger may be expressed as follows
qa = €(ch)min (Thi-Tci) ) (l)

in which € is the heat transfer effectiveness.l The remaining symbols are
defined in the nomenclature of this report. In this analysis the relative
performance of air-water heat exchangers will be determined for the following
conditions:

a. q is fixed

Tphy is fixed

Tey is fixed
(wep)min is fixed
(wcp)max is fixed.

o & 0 o

For the usual automobile radiator (WCp)min corresponds to the air-side
and (wep)pax corresponds to the water-side. The effectiveness e is determined
by the flow arrangement, i.e., counter flow, cross flow, etc., and the ratio
(ch)min/(wcp)maX°l Hence, with the specifications a to e above, it is evi-
dent from Eq. (1) that ¢ will be fixed for all possible matrix shapes for a
heat exchanger of a given flow arrangement. As shown by Kays and Londonl under
these circumstances € will then be a function only of the NTU, known as the
number of transfer units in a heat exchanger. Furthermore, the NTU is defined
as



NTU = —UA (2)

(ch)min

Thus, we may now conclude that the relative performance of air-water heat ex-
changers may be determined on the basis of a fixed NTU which for the imposed
restraints becomes

(UA): = (UA)2 . (3)
Now, if A is based on the air-side or finned-side of the exchanger, we have,

1 1 a 1

= + +
UA NochchA  Ayk NohPhAn

(&)

For the usual automobile radiator the last two terms in Eq. (4) are negli-
gible, i.e., the air-side controls, so,

UA = nghA . (5)

Dropping the subscript ¢ as all symbols now refer to the air-side, we have
from Egs. (3) and (5)

(noh A)1 = (noh Az (6)

where
No = total surface temperature effectiveness.

Hence, for purposes of comparison between various heat exchanger matrices at
constant NTU, their relative volumes may be given as

oo WAV _ (W) (AW (7)
Va2 (UA/V), [(noh) (A/V) 11

A similar formulation may be written in which a "reference heat exchanger"
matrix is used for comparison between all the others. Designating this
reference exchanger by the subscript o we have,



v _ [ (/W 1o ®

Vo [(noh) (A/V) ]

With this formulation, then, any other two matrices, say 4 and 8 may be com-
pared on a volume basis by

Ve | (V/V)4 %)
Vs (V/Vo)e

Now, the heat transfer parameter, the Stanton number, the flow parameter, the
Reynolds number are defined as

St = — (10)

Re = —L& (11)

so,

2o _ BtoGo _ (Sto) (w/Ac) o (12)

st G (st) (w/Aq)

o]

=

which for constant air-side flow w, becomes,

Sto As
© st Aeo

. (13)

D"lD‘
O

Because the air-side flow is the same in all comparisons, the Prandtl
number is constant. Basic heat transfer data are given in terms of St°Pr1/3n
Thus,

Sto (st-Pr2/%),
st St.pr2/3

Hence, from Eq. (8) we have for a fixed Apg, the frontal area of the heat ex-
changer,



(&/V) o
g_ ) ____Q ) <§£_) (A \s

(o) A/V)

_ (ngdo (Sto (A/AxR)  (A/V)4
st

(no) (Ac/AFR) o (A/V)
(ng)
= Mo/o e}
ot G G E) (1
where
o = éS_ s (15)
Arr
a=%=60 (16)
and
_ A
ST

Kays and Londont report corresponding values of St, Re, o, and o for the first

17 of the 18 heat exchanger surfaces considered in this report. Since the
total volume of the matrix is written as Apg-L, where L is the depth of the
matrix in the air flow direction, Eq. (1L4) may also be written for fixed
frontal area and total surface temperature effectiveness, as

£ - @O -

The Reynolds number ratio is written for constant w and Agg from Eq. (11) as

Re  _ (rn/rno)
Reo (o/og) (19

For tube-fin matrices, o is uniquely specified by the particular matrix under
consideration. In the case of plate-fin designs the ratio o depends on the
thickness, & of the water channel and is computed from

1
T (19)
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In these calculations & is taken to be 0.080 in.

The above relationships permit the relative comparison between the heat
transfer matrices from the standpoint of their thermal characteristics. A
second important basis for comparison is the relative frictional pressure
loss. Entrance and exit pressure losses are not included in this. The fric-
tional pressure drop is expressed as

s = ¢ L (/A L_.1__<W2> . (20)
Th 2.0 Th A \2gp

Hence, for the various metrices having constant frontal area, the relative
frictional pressure loss is

sp_ _(£/%) (/L) _ (21)

Apo (rh/rho) ( 0/ Go)

The last type of comparison to be made combines both the relative heat
transfer and the relative friction. This is on the basis of heat transfer
per unit volume per unit pressure drop. On this basis a favorable exchanger
is one which has a large value of this parameter. Thus defining,

v = (a/V)

Ap

) (22)
we have the formulation of the relative value of this parameter as

v _ (/W) /ap

Vo (a/V) o/ bp,

- = . (23)

(L/Lo) (ap/Ap,)

Equation (23) also may be regarded as the relative value of the heat transfer
rate per unit volume to frictional pumping power corresponding to the con-
dictions specified.

Comparison between the various matrices is made for the volume ratio
(end depth ratio), Eq. (17), frictional pressure drop ratio, Eq. (21), and
heat transfer per unit volume per unit frictional pressure drop ratio, Eq.
(23). All are based on a reference heat exchanger for reference conditions,
defined below.



The 18 matrices considered here consist of six tube-fins, nine plate-
fins, two tube-banks and one Honeycomb type. The geometry and basic friction
and heat transfer data of the first 17 are given in Figs. 1-17, taken from
Kays and London.t The eighteenth is a McCord Corporation type "GN" Honey-
comb replacement core having 1/4-in. square air passages, 2—l/h in. long.
Since basic heat transfer and friction data are not available for this matrix,
its performance was estimated from data in Kays and London for a dimpled
tube having approximately the same hydrailic diameter as the selected Honey-
comb core.

2.1. REFERENCE HEAT EXCHANGER AND REFERENCE CONDITIONS

The reference heat exchanger is a plate-fin matrix having strip-fins and
is the Kays and London surface designated as 1/8-15.2, indicating that it is
made of 1/8 in. wide fins and has 15.2 fins/in. The width b of the air-flow
channel is O0.41L in. 1In this report the reference heat exchanger is desig-
nated as surface 14 and its geometry and basic heat ransfer and friction
characteristics are given in Fig. 1k,

In order to have a specific flow condition for which all comparisons may
be made, the following are taken

Air velocity = 10 ft/sec
Air temperature = 100°F
po= 1.285 x 1079 1lbm/ft/sec
e = 0.071 lbm/ft3

Hence,

0.1042 in. = 0.00868 ft

=
=
[ag
(0]
I}

oo = 1/(1+0.080/0.41k) = 0.838
By = U1T ft2/rt3
Q= ‘Boco = (417)(0.838) = 350
Re, = brpoGo/n = brpo(w/Al) o/u
= UrpopVARR/u( 0oApr) = b4rho/oy (pV/u)
= (0.00868) (0.071)(10)10°/(0.838) (1.285)

572.

1l

From Fig. 14 corresponding to Re, = 572 we find,



(st-pr2fs) = 0.0155 ,

and
fo = 0.093

2.2. HEAT EXCHANGER MATRICES STUDIES

A summary of the 18 heat exchanger matrices selected for study is given
in Table 1.

2.3. HEAT TRANSFER AND FRICTION DATA

The computed data for heat transfer and friction including the matrix
parameters of o, @, and B and their relative values are summarized in Tables
2 and 3.

2.4, RESULTS AND CONCLUSIONS

The relative volume or relative depth, V/VO or L/LO, relative friction
pressure drop, Ap/Apo, and the relative heat transfer per unit volume per
unit pressure drop, w/wo are plotted in Figs. 18-20. From these results it
is possible to compare all of the 18 matrices according to volume, pressure
drop, and heat transfer per unit volume per unit pressure drop. As is evi-
dent by inspection, matrix 7 has lowest pressure drop but largest volume.
From Table 1 it will be noted that this matrix is of the plate-fin- type and
very open with only 5.3 fins/in. and the second lowest area to volume ratio.
The heat transfer per unit volume per unit pressure drop for this matrix is,
however, rather poor, which is a result of its open design. From the stand-
point of compactness matrix 12 is especially outstanding. This matrix has
the smallest volume of them all (Fig. 18), and the highest heat transfer
per unit volume per unit pressure drop (Fig. 20), although its frictional
pressure drop is only moderately favorable (Fig. 19). The round tube banks
(16 and 17) suffer from high pressure drop and high volume and consequently
have very poor heat transfer per unit volume per unit pressure drop. The
Honeycomb matrix, 18, also shows up poorly from the standpoint of compactness.
Its pressure drop is second lowest but its heat transfer performance is not
significant compared with the plate-fin designs.

These results indicate the superiority of the plate-fin type of matrix
from the standpoint of meximum heat transfer per unit volume, minimum weight,
and probably minimum cost. The benefit of turbulence promoters obtained by
deforming the fins (wavy) is evident. The penalty is, of course, increased
pressure drop but compactness is gained.

9
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It was on the basis of these calculations that the matrix for the first
electroformed model heat exchanger was selected. While matrix 12 is the
most compact of the group it has a fairly high number of fins/inch—17.8.

Tt was felt that for the first electroformed model the number of fins/inch
ought not to exceed about 10 to reduce the electroforming problems and to
have a design which is similar to current automotive practice. The model
should however be of a plate-fin design with waviness in the fins, if pos-
sible.

2.5. FIRST ELECTROFORMED MODEL HEAT EXCHANGER

In view of the results of the study outlined above it was decided to
construct the first electroformed radiator of a plate-fin design. To accom-
plish this in the most direct manner as quickly as possible, existing spacer
stock deformed to provide waviness in the fins was obtained and a design
established in which water channels would be electroformed at the fin roots.
Mr. Richard D. Chapman secured the spacer stock. While it is recognized that
such a design is not a completely electroformed heat exchanger, the critical
points in the matrix, namely the joints, are electroformed. Undoubtably some
development work will be necessary even to successfully accomplish this con-
struction. When this is done, attention may then be given to more complete
electroforming manufacture, should such appear desirable. When the spacer-
water channel subassemblies are formed they will be soldered together and
then joined to headers at each end. This design is shown in Fig. 21.

As a check on the thermal effectiveness of the electroformed Jjoints in
the first model, a second heat exchanger was planned which would be similar
in all respects to the first except that the fins would be soldered to the
water channels. The heat transfer performance of both exchangers would be
determined experimentally in the test loop and wind tunnel.
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3. RADIATOR HEAT TRANSFER PERFORMANCE TEST APPARATUS

3.1. INTRODUCTION

In order to determine experimentally the actual heat transfer performance
of various radiator configurations, a heat transfer test loop was designed.
Major emphasis was placed upon flexibility of operation: +the capability for
testing both scale models and full size automotive radiators over a range of
vehicle speeds, air-side pressure drops, heat transfer rates, and heating water
temperatures comparable to automotive application. The general configuration
required to satisfy these requirements is shown schematically in Fig. 22 and
consists of a heat transfer apparatus to supply a constant flow of water and
heat transfer rate to the radiator, a wind tunnel to remove this heat from the
radistor by a flow of cooling air through the radiator core at appropriate
velocities and suitable instrumentation and controls.

3.2. HEAT TRANSFER APPARATUS

The heat transfer apparatus consists of a low-pressure steam supply used
to heat the water, a bypass cooler, an accumulator, reservoir, pump, test ra-
diator core controls, flow meter, and other instrumentation. The selection
of water instead of steam as the hot-side heat transfer medium to the radiator
was based on two considerations: first, water represents the fluid used in
an automotive radiator; and second, the measurement of the heat transfer rate
from water-wide temperature drop appeared to offer a convenient and reliable
method for this determination. Radiator performance tests using steam are
difficult to perform since the measurement of the heat transfer rate must be
obtained by separating the liquid condensate flow from the vapor flow at the
radiator exit. The principal problems associated with the use of water as
the heat transfer medium is the accurate measurement of low temperature differ-
ence between the inlet and outlet water temperatures and the determination of
precise adiabatic mixed mean temperatures at these points. These problems
have been solved by using a thermopile at the inlet and outlet and a baffled
flow mixer such that a true mixed mean temperature can be obtained.

Iow-pressure steam is used in a shell and tube heat exchanger to heat
the water in which the steam flow can be controlled either manually or auto-
matically. The automatic controller takes the radiator water inlet thermo-
couple signal as an input and produces a pneumatic output signal to a pneu-
matically actuated control valve. A centrifugal pump is used to supply the
pressure losses in the system. Control of the flow through the system is by
means of a pump bypass, a pump discharge throttle valve, and a vernier bypass
valve around the main control valve.
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An accumulator is installed near the radiator inlet to maintain a given
pressure level at the radiator inlet. An air regulator with constant bleed
is used to pressurize the accumulator bag. The use of an accumulator to keep
the water and the pressurizing gas separate permits the entire system to be
free of entrapped air and also reduces the air dissolved into the water.

A bypass cooler in parallel with the test radiator permits the system to
be operated without the test radiator or wind tunnel in the circuit. The by-
pass cooler may also be useful in stabilizing the system when tests are run
at low mass flow rates and low heat transfer rates to the test radiator.

Copper lines and fittings are used throughout for ease of assembly and
freedom from corrosion. Flexible hoses and swing Jjoints are used to make
radiator connections.

3.3. INSTRUMENTATION FOR HEAT TRANSFER APPARATUS

Water temperatures are measured by thermopiles (thermocouples connected
in series) positioned in a flow-mixing baffle at both the radiator inlet and
outlet stations to provide true mixed mean water temperatures. All tempera-
tures will be continuously monitored and recorded on a self-balancing record-
ing potentiometer.

Radiator inlet water pressure is measured with a bourdon tube gage, and
radiator pressure drop with a manometer.

Water volume flow rate is measured with a rotameter. A turbine flow
meter is provided for an independent check.

A typical set of automotive radiator performance conditions is given in

Table 4 and may be compared with the design capabilities of the test loop
shown in Table 5.

TABLE L

Typical Maximum Automotive Radiator Performance

Water flow rate 300 lbm/min
Air flow rate 1760 £t3/min
Air inlet temperature 9L°F
Air outlet temperature 151°F
Water inlet temperature 184°F
Water outlet temperature 190°F
Heat transfer rate 1800 Btu/min
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TABLE 5

Heat Transfer Loop Design Conditions

Heat transfer rate 100 hp or 4200 Btu/min
Water temperature in 190°F

Water temperature out 180°F

Water flow rate 50 gpm

Inlet water pressure 30 psia

Inlet steam temperature 350°F

Inlet steam pressure 50 psig

3.4. WIND TUNNEL

The wind tunnel consists of a contraction section, test section, diffuser,
fan, and discharge ducting as shown in Fig. 23. The wind tunnel geometry and
fan size were determined by the combination of the maximum simulated vehicle
velocity, maximum radiator pressure loss, and maximum size of test radiator.
The minimum operating conditions were determined by the minimum vehicle or in-
let air velocity, and minimum test radiator size. These two limits, the max-
imum and minimum conditions, then provided the operating range and the flex-
ibility requirements of the tunnel.

Three flow control methods were used to meet the air flow requirements
of the tunnel: (1) a 2:1 fan speed reduction by means of switching the volt-
age of the electric motor which reduces fan air flow by this same ratio; (2)
variable inlet guide vane geometry capable of producing a continuous variation
in fan air flow from 15% to 100% of maximum air flow; and (3) a bypass around
the test section which can produce a continuous variation in test section air
flow from 10 to 100% of maximum test section air flow. The change in fan
speed and the inlet guide vane geometry produce changes in fan characteristics
while the tunnel bypass alters the total system flow characteristic to vary
the test section air flow. The bypass also allows the fan to operate in a
surge-free region at all times. The bypass is accomplished by constructing
the contraction section and the test section as a single unit and then trans-
lating this unit forward relative to the fixed diffuser and fan. The bypass
flow characteristic is shown in Fig. 24, and the combination of all three
methods of flow control are shown in Fig. 25.

Exhaust air from the tunnel which is some 50°F above inlet or ambient
air temperature is ducted downward through an opening in the second floor to
the first floor area of the laboratory. This will eliminate the problems of
re-ingestion of heated air and insure a nearly constant radiator inlet air
temperature.
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Photographs of the wind tunnel assembly, the test section region with
removable, viewing, and access doors, and the bypass are shown in Figs. 26-28.

3.5. INSTRUMENTATION FOR WIND TUNNEL

A fairly elaborate pressure and temperature survey grid will be used
for a detailed initial calibration and check-out. This unit will also be
available for determination of local radiator performance. Final instrumenta-
tion after check-out will consist of eight total-static pressure tubes, four
upstream, and four downstream and located so that the average flow conditions

on both sides of the radiator.

The design conditions for which the wind tunnel is capable of meeting
are given in Table 6.

TABLE 6
Wind Tunnel Design Conditions

Maximum radiator inlet velocity—equivalent

to a vehicle speed of 100 mph 45 mph

Radiator pressure drop—at max tunnel velocity 5.1 in. H20
Total tunnel losses (incl radiator loss) 6.0 in. Hs0
Maximum radiator frontal dimensions 18 x 18 in.
Minimum radiator frontal dimensions 6 x 6 in.
Test section flow dimensions 24 x 24 in,
Inlet station of contraction section dimensions T2 x 72 in.
Fan volume flow rate (at 1580 rpm, 7 in. Hz0) 11,400 cfm
Fan drive motor, 44O V AC, 3 phase 25 hp

Construction and assembly of the basic wind tunnel was completed on
April 1, 1963. The initial testing of its flow characteristics and the in-
stallation of the heat transfer loop and associated instrumentation is ex-
pected to be completed by the first part of May.
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4. METALLURGICAL STUDIES

4L.1. LITERATURE SURVEY OF SOLDERS

A limited literature survey was made to obtain selected data on the mechan-
ical properties of solders and soldered Jjoints. The properties included in this
report are: tensile strength, shear strength, creep, and fatigue.

4.,1.1. Tensile and Shear Strengths

Gonser and Heath® prepared tensile bars by casting solder into a split
steel mold. The specimens were 7—5/16 in, long with a 2-in. parallel central
section 3/8-in. in diam. The bars were annealed for 16 hr at 100°C. The
tensile strengths were determined using a constant head speed of 0.5 in./min.
The results are given in Table 7.

TABLE T
Composition Tensile Strength, psi
15% Sn, 0.25% Ag, 0.015% Bi, balance Pb 5,680
20% Sn, 0.25% Ag, 0.015% Bi, balance Pb 5,800
30% Sn, 0.25% Ag, 0.012% Bi, balance Pb 5,990
Lo% sn, 0.25% Ag, 0.010% Bi, balance Pb 6,250
50% Sn, 0.25% Ag, 0.010% Bi, balance Pb 6,090
63 Sn, 0.25% Ag, 0.010% Bi, balance Fb 7,490

Thompson5 prepared standard 0.505 test bars by casting solder into a
split steel mold. The bars were tested in the as-cast condition using a head
speed of 0.5 ipm. Their results are given in Table 8.
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TABLE 8

Composition Tensile Strength, psi
15% Sn, 85% Pb 5,270
20% Sn, 80% Pb 5,730
30% Sn, 70% Pb 6,810
Lo% sn, 60% Pb 6,890
50% Sn, 50% Pb 6,400

Table 9 gives the results reported by Turkus and Smithy They did not
give the details of their tests.

TABLE 9
Composition Tensile Strength, psi
20% Sn, 80% Pb 4,940
30% Sn, T0% Pb 5,390
40% Sn, 60% Pb 5,660
20% Sn, 2% Ag, 78% Pb 5,620
20% Sn, 1.5% Ag, 3% Bi, T4.85% Pb 8,120
30% Sn, 1% Ag, 69% Pb 8,810

Rhines and Anderson” prepared specimens by Jjoining 0.75 in. copper rods
which had been faced at the joining ends. A gap of 0.005 in. was used and
the bars were heated to 60°C above the liquids of the solder, fluxed, soldered,
and cooled. Their results are given in Table 10.

TABLE 10

Composition Tensile Strength, psi
15% Sn, 85% Pb 13,300
33% Sn, 67% Pb 17,100
Lo% Sn, 60% Pb 14,100
50% Sn, 50% Pb 23,900
63% Sn, 37% Pb 29,000
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Gonser and Heath2 prepared lap joints using 70 copper, 30 zinc brass.
Two methods of joining were used: (1) %he closed method, i.e., maintaining
a constant gap of 0.007 in.; and (2) the open method, i.e., the gap open to
0.030 in., solder applied, and then the gap closed to 0.007 in. Compensa-
tion was made for the offset character of the specimen and the head speed of
the machine was 0.5 ipm. Their results are given in Table 11.

15% Sn,
20% Sn,
30% Sn,
Lo% Sn,
50% Sn,
63% Sn,

TABLE 11
Tensile Strength, psi

Composition Open System Closed System
0.25% Ag, 0.015% Bi, balance Pb 4,265 4,050
0.25% Ag, 0.015% Bi, balance Pb 4,490 4,88
0.25% Ag, 0.012% Bi, balance Pb 5,450 L, 790
0.25% Ag, 0.010% Bi, balance Pb 5,550 5,250
0.25% Ag, 0.010% Bi, balance Pb 5,750 5,240
0.25% Ag, 0.010% Bi, Balance Pb 6,170 5,750

(Maximum value of each alloy was taken)

Turkus and Smithh results on lapped joints are given in Table 12. The
details of their test procedure was not given.

TABLE 12

Composition Tensile Strength, psi
20% Sn, 80% Pb 5,680
30% Sn, T0% Pb 5,770
40% sSn, 60% Pb 6,270
20% Sn, 2% Ag, 8% Pb 5,550
30% Sn, 1% Ag, 69% Pb 5,620

Gonser and Heath® performed shear tests on bulk solder samples. Their
results are given in Table 13.
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TABLE 13

Composition Shear Strength, psi
15% Sn, 0.25% Ag, 0.015% Bi, balance Pb L, 470
20% Sn, 0.25% Ag, 0.015% Bi, balance Pb L, 7h0
30% Sn, 0.25% Ag, 0.012% Bi, balance Pb 5,500
40% Sn, 0.25% Ag, 0.010% Bi, balance Pb 5,680
50% Sn, 0.25% Ag, 0.010% Bi, balance Pb 5,870
63% Sn, 0.25% Ag, 0.010% Bi, balance Pb 6,060

Russell and Mack6 reported the following shear strengths on bulk solder
samples:

15% Sn, 85% Pb 4,280 psi
4L0% sn, 60% Pb 4,900 psi
Rhines and Anderson? used butt soldered Jjoints using 0.75 in. round cop-
per bars which had been faced at the joining ends. The shear strengths were

determined using a standard torsion test. Their results are given in Table

1k,

TABLE 14
Composition Shear Strength, psi
15% Sn, 85% Pb 5,640
33% Sn, 67% Pb 6,450
L0% Sn, 60% Pb 8,280
50% Sn, 50% Pb 7,580
63% Sn, 37% Pb 8,000

4.1.2. Creep Properties
Baker! studied the creep properties of cast solders using specimen 0.564

in., in diam and 4 in. long in the parallel section.' The results shown in
Table 15 give the stress to produce a strain of 1 x 10-k per day.
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TABLE 15

At Room
Composition Temperature, psi At 80°C, psi

30.4% Sn, balance Pb 115 39
49,5% Sn, balance Pb 125 28
62.2% Sn, balance Pb 335 68
40% Sn, 2.0% Sb, 0.10% Bi,

0.011% Ag, balance Pb 420
60.2% Sn, 0.24% Sb, 0.015% Bi,

0.018% Ag, balance Pb 800
62.2% Sn, 0.002% Bi,

balance Pb k50 L5
54.5% Sn, 3.6% Sb, 0.003% Bi,

balance Pb 1,030 110

Bake§7 prepared lap joints using the "open method" described by Gonser
and Heath® with a final gap of 0.006 in. The results reported in Table 16 are
the 500-day stress-rupture strengths.

TABLE 16
At Room
40% Sn, 2% Sb, Balance Pb Temperature, psi At 80°C, psi
For steel Joints 325 120
For copper Joints 390 120
For brass Joints k70 120

4.1.3. Fatigue Properties

McKIeown8 conducted fatigue tests on lap joints. The fatigue machine was
designed to apply alternating shear stresses to the specimen. Fatigue damage
was determined by obtaining the decrease in tensile strength of a specimen
after sustaining 3,000,000 cycles in the fatigue test. The results shown in
Tables 17 and 18 give the maximum stress level which did not produce a decrease
in the tensile strength. The mean stress used for the tests of Table 17 was
600 psi, and for the tests of Table 18 it was 900 psi.
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TABLE 17

Composition Meximum Alternating Stress, psi

63% Sn, balance Pb 400

50.4% Sn, balance Pb L0oo

31.5% Sn, balance Pb 360

18.9% Sn, balance Pb 350

TABLE 18
Composition Maximum Alternating Stress, psi

63% Sn, 37% Pb 200
56% Sn, 3.2% Sb, balance Pb 310
30% Sn, 1.0% Sb, balance Pb 260

L.1.4%., Summary

A limited literature survey on the mechanical properties of solders and
soldered joints indicated tensile strengths of 5,000 to 8,000 psi for bulk
solders and 13,000 to 29,000 psi on butt soldered joints depending on the com-
position of the solder. The fatigue strength of lap joint soldered interfaces
was reported as 1000-1100 psi to produce damage in 3,000,000 cycles.

4.2. LITERATURE SURVEY OF THE MECHANICAL AND PHYSICAL PROPERTIES OF ELECTRO-
FORMED COPPER

The majority of properties of electroformed copper have been determined
on deposits from copper sulfate baths. The mechanical properties are either
taken from standard tensile tests or from a hydraulic bulge test which is a
modified Olsen cup ductility test.

The tensile strength of electrodeposited copper varies from 17,000 to
90,000 psi depending upon the plating conditions. In general the strength
of the copper is related to the grain size and structure, being high for the
finer grained copper deposits. There does not appear to be any correlation
between the tensile strength and the hardness cf the deposit, or the tensile
strength and ductility as measured by percent elongation in the tensile test.
Decreasing the bath temperature or increasing the current density appear to
increase the tensile strength of the deposit, but specific additives to the
bath in most cases have a greater effect on increasing the strength. Res-
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idual stresses are usually low in electrodeposited copper. However, plating
conditions are reported where the tension stresses have been found to be as

high as 21,000 psi. The following summary of published papers gives specific
details on the mechanical and physical properties of electrodeposited copper.

Bennett? deposited copper on a rotating cathode from a solution composed
of 20% Cu S0,-5H0 and 12% HnSO4. The cathode was an aluminum pipe 1 in.
0.D. and 5.5 in. long. After the copper was deposited, the pipe was placed
in a lathe and a section 1 in. wide and 2 in. from one end was turned down
to a uniform thickness ranging from 0.040 to 0.060 in. The pipe was then cut
into longitudinal sections in a milling machine, separated from the aluminum
and pulled in an Olsen tensile testing machine. The strength reported was
the average of five or more tests. The effect of speed of rotation, tempers
ture of the bath, and current density are shown in Tables 19-21.

TABLE 19

Current density 500 amp/sq ft
Initial temperature 35°C

Tensile Strength,

RPM 1b/sq in.

1,750 37,000

2,500 49,000

3,500 51,000

5,500 58,000
TABLE 20

Initial temperature 20°C

2,500 rpm
Tensile Strength,
Amp/sq ft 1b/sq in.
300 60,000
400 68,000
510 L0,000
1,100 35,000
1,700 14,000

25



TABLE 21

Initial temperature 50°C

5,500 rpm
Tensile Strength,
Amp/sq ft 1b/sq in,
3Lk0 34,000
500 50,000
1,000 41,000
1,600 32,000
2,400 28,000
4,000 13,000

At a constant current density of 500 amps/sq ft, increasing the speed of rota-
tion resulted in an increase of tensile strength. At constant speed of rota-
tion, increasing the current density first results in an increase in strength,
then reaches a maximum, and finally decreases., Variations in the bath com-
position has little, if any, affect on the strength of the deposite as shown

in Table 22.

TABLE 22

5,500 rpm
Current density 500 amp/sq ft

Tensile Strength,

% CuS04°5H-0 % HoS0.4 1b/sq in.
12 15 60,000
20 15 58,000
25 15 55,000
15 12 60,000
15 25 57,000

Increasing the temperature from 25°C to 75°C has a pronounced affect on the
strength as shown in Table 23.
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TABLE 23

5,500 rpm
Current density amp/sq ft

Tensile Strength,

Temp., °C ;glsq in.
25 63,000
50 49,000
75 30,000

The author states that at current densities higher than 500 amps/sq ft no at-
tempt was made to control the temperature of the bath, and it is his opinion
that the decrease in strength at the high current densities noted in Tables
20 and 21 is due to an increase in temperature brought about by the plating
conditions.

SonodalO determined the strength of copper deposited as a sheet 120 cm
X 30 cm and in varying thicknesses. The details of the electrodeposition
process are not given. The author states that the properties varied from
sheet to sheet, and even on sections of the same sheet. This is undoubtedly
due to variations in thickness as he obtained the average thickness from
weight measurements. The results are given in Table 2L,

TABLE 2k
Nominal Thickness, Tensile Strength, Elongation,
g/sq cm kg/sq mm %
0.671 2k.9 26
0.610 26.8 -
0.549 23.8 36
0.488 2k .7 39
0.ko7 25.6 35
0.366 26.5 . 33
0.305 2k.9 35

Shakespearll discussed the Anaconda commercial process for producing
electrosheet copper and stated that the tensile strength varies from 30,000
to 40,000 psi, and elongation from 15 to 25%.
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Altmeyer12 reported a tensile strength of 39,000 psi and an elongation
of 5&%. These results are for copper deposited on a cathode, 68 cm in diam
and 4 m long, rotating at 30-40 rpm.

Huessner, Balden, and Morseld discussed the effect of grain size and
structures on the mechanical properties of electrodeposits. They include

eight photomicrographs of copper deposited from baths of various compositions.
Their mechanical property data are given in Table 25.

TABLE 25

Mechanical Properties of Acid Copper Deposits

Addition Agent Tensile Elongation Hardness
Strength, psi % in 2 in. V.H.N.
None 36,150 , 22 81
Molasses 33,000 21 81
Molasses and
Thiourea 80,280 3 170

It can be seen that the addition of Thiourea to the bath produced a marked
increase in the tensile strength and a marked decrease in ductility due to
the fine grain structure resulting from the addition agent.

Prater and ReadlLL used a hydraulic bulge test to determine the mechanical
properties of copper. The bath consisted of 45 gm/l of copper and 200 gm/l of
HoS04. Glue was used as an addition agent. The sheet material was prepared
by the Anaconda Process as described by Shakespear.ll The average thickness
was determined by weighing the test piece and calculating it, using 8.9 g/cc
for the density of copper. Seven or more determinations were made for each
thickness. The tensile strength of the 0.66 mil copper varied from 46,100
to 50,300 with an average of 48,000 psi. The dutility varied from 0.5 to
0.9%. The tensile strength of the 3.6 mil copper varied from 38,100 to
46,000 with an average of 41,000 psi. The ductility varied from 1.9 to 2.9%.
It should be pointed out that the ductility measured in the bulge test are
not related to ductility as measured in the tensile test.

Fedotev and PozinlD studied copper deposited from a bath containing
250 g/1 Cu SO,:-5H20, 50 g/l HoSO,, at a current density of 1 amp/sq dm and
a temperature of 18°C. The cathode was a stainless steel plate 115 x 50 mm.
Eight determinations were made for each thickness and the minimum, maximum,
and average strengths are as follows:
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Tensile Strength, psi

Thickness
25u 0 HOu
Minimum 28,400 29,800 30,700
Maximum 33,000 33,200 32,300
Average 31,200 31,600 31,400

Rochelle salt as a bath additive has the following affect on the tensile
strength of the deposit.

Rochelle Salt, 0 0.025 0.1 0.2 1.0 3.0 5.0
g/1

Tensile Strength, 33,500 12,100 12,100 11,900 8,050 1,690 1,240
psi

Struyk and Carlson16 determined the tensile strength of copper deposited
from fluoborate baths of various compositions. The current density used was
300 amp/sq ft, and the thickness of the deposits was 0.020 in. Their results
are given in Table 26. The deposit from a bath where the copper concentration
is 120 g/1 has a much higher tensile strength than one from a bath of 60 g/1
of copper. However, the addition of 1.2 ml/l1 of molasses, or 2 g/l of Dacolyte
to the 60 g/l copper bath resulted in producing deposits of comparable tensile
strengths to those from the 120 g/l bath.

Such1? indicates maximum tensile strengths of 43,000 psi and 60,000 psi
may be obtained from Cyanide, and pyrophosphate baths respectively. How-
ever, the data are very meager and should be considered as only a rough ap-
proximation. Read and Whalen18 studied the behavior of electroformed copper
under alternating stresses. The copper was deposited from a bath containing
230 g/1 Cu S04°5H20, 50 g/l HoS0, using a current density of 10 amp/sq ft.
The specimens were not machined on the solution side of the specimen prior
to testing in a Krouse bending fatigue machine. The thickness was 0.025 in.
The tensile strength of the copper was 26,000 psi. Their results are given
in Table 27. At a stress level of 9,500 psi there is a range of cycles to
failure from 5.1 x lOh to 1.4 x 107, This is undoubtedly due to surface
irregularites and possibly non-uniform thickness of the specimen.

Barklie and Daviesl? report a residual stress of essentially zero in

copper deposited from & bath containing 200 g/1 Cu S04°5H20, 60 g/l HoS04,
when plated at 35°C and a current density of 30 amp/sq ft.
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TABLE 26

Physical Properties of Deposits

Fluoboric Yield Tensile . Rockwell
El ’
Copper, Acid, Tfmp., Point, Strength, ?ngat?on Hardness
g/1 C ) X % in 2 in,
g/1 _psi psi 15T
120 30 95 -- 30,600 3.5 68-Tk
-- 22,500 2.5
28,000 34,500 3.5
Avg 28,000 32,500 3.2
120 30 120 19,850 30,100 4.0 59-63
19,200 29,100 k4.0
21,750 29,400 15.5
Avg 20,230 29,500 14.5
60 4 120 12,800 17,000 8.0 Lh-L45
13,200 17,200 7.5
12,700 15,700 6.5
Avg 12,900 17,100 7.3
60* L4 120 22,600 30,800 11.0 64-T0
23,600 28, 700 -
Avg 23,100 29,800 11.0
60%* L 120 22,750 30, 300 9.0 57-5T7.5
(16,400)  (23,100) (5.0)
20,200 30, 300 12.0
Avg 21,480 30, 300 10.5

*With 1.2 ml/1 molasses.
**With 2 g/1 Dacolyte.
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TABLE 27

Stress, psi Cycles to Failure

10,800 3.9 x 10
10,800 3.3 x 10
10,800 6.6 x 10
9,500 5.4 x 10
9,500 L.2 x 10
9,500 5.1 x 10
9:500 1.1 x 10
9,500 L.0 x 10
9,500 3.0.x 10

Phillips and Clifton?0 reported residual stress measurements of copper
deposited from various types of baths as shown in Table 28.

TABLE 28
e t . e Le
TNE‘ Type of Bath Composition pH Tfﬁp ’ Cagf’
1 Acid copper CuSO , 32 oz/gal 0.9 Room 30
H SO, 4 oz/gal
2 Copper cyanide NaCN, 9 oz/gal 12.8 125 15
CuCN, 6 oz/gal
Ha CO , 2 oz/gal
3 Copper "K" Recommended make-up 13.5 180 15
i Copper "L" Recommended make-up 140 15
Test Thickness, Change of Calculated Stress,*
No in. Deflection, psi
) (wt area/den) in. Steel Base Bronze Base
1 0.0010 0.0002 1400 0
2 0.0005 0.0008 9900 7200
3 0.0005 0 0
L 0.00154 0.0013 5200

*The stress values are all positive or tension stresses.
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Graham and Lloyd21 determined stress values for copper deposited from
alkaline cyanide baths. The standard bath consisted of 4 oz/gal copper, 0.8
oz/gal rochelle salt, and L oz/gal sodium carbonate to which a number of
variables were introduced as shown in Table 29. It can be seen that the res-
idual stress values vary from 15,400 psi in tension to 5,000 psi in compression.

TABLE 29
Test Cathode Stress in
No. Coefficient, Deposit, Variable Studied
% 1000 psi
1 87.3 8.7 Standard
2 53.7 11.6 Current reversal
) 73.0 14,7 cd, L0 asf
L 82.5 11.5 Temperature 130°F
5 91.0 5.8 Temperature 180°F
6 95.0 6.4 No rochelle salt
7 78.1 9.0 Na CO , 9 oz/gal
8 86.0 9.0 Free NaCN, 1.6 oz/gal
9 87.0 8.6 NaOH to pH 13.0
10 88.4 9.7 Copper, 2.5 oz/gal
11 88.0 8.0 Copper, 5.0 oz/gal
12 88.0 8.4 CaCO , 100 ppm
13 86.1 8.6 K Fe(CN) , 0.5 g/1
14 85.2 8.8 K Fe(CN) , 1.0 g/1
15 87.2 11.3 Lead, 2 ppm
16 90.3 15.4 Lead, 75 ppm
17 90.0 - k4.0 KCNS, 2 oz/gal
18 95.3 - L7 KCNS, 2 oz/gal, no rochelle salt
19 98.5 5.1 A
20 98.9 3.6 A, lower pH
21 92.8 7.8 A, lower temperature
22 93.0 11.1 B
23 95.2 - 5.0 c
2k 88.0 - 3.8 D

Fisher, Huhse, and Pawlek®® studied the effect of gelatin additions on
the residual stress in copper deposits. The bath was 1N CuSO4 and 1N HoSO4.
Increasing the gelatin content from zero to 0.1 g/l resulted in a gradual
increase in the residual stress from approximately zero to 21,000 psi in
tension. A further increase in gelatin content resulted in a gradual decrease
in the residual stress, reaching zero at 0.2 g/l and a compressive stress of
1,400 psi at 0.25 g/l of gelatin.
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Read and Graham25 determined the elastic modulus of electro-deposited
copper using the sonic technique. Thin wall tubes approximately 0.4 in. in
diam and L to 6 in. long were prepared by plating on a steel mandrel coated
with a thin layer of a low melting alloy. Their results are given in Table

30.

TABLE 30

Elastic Moduli of Cu Deposits Compared tg
Modulus for Drawn Cu Tubing 18.1 + 0.1 x 10° psi

Current As-Plated Surface Machined Surface
Plating Bath Density, Elastic Deviation Elastic Deviation
asf Modu].us,6 from Ref, Modulus, from Ref,
psi x 10 % psi x 10 %
Purified acid 10 13.9 16.2
Cu sulfate 13.9 16.1
14.0 16.0
14,2 16.1
(avg) (14.0 + 0.2) 22,7 (16.1 + 0.1) 11.0
Impure acid 10 15.7 17.1
Cu sulfate 15.8 16.9
16.2 16.9
(avg) (15.9 + 0.3) 12.2 (16.9 + 0.1) 6.6
DuPont's P. R. Lo 16.1 16.8
Cu cyanide 16.0 16.9
15.8 16.8
(avg) (15.9 + 0.2) 12.2 (16.8 + 0.1) 7.2

A considerable difference exists in the modulus value reported for the three
different baths investigated in the as-plated condition, but not a very sig-
nificant one on the machined surfaces. We may raise the question as to whether
or not the differences noted in the as-plated condition are not due to non-
uniform thickness, since thickness enters into the calculation of modulus when
using the sonic technique for its measurement.

Hinnert and K‘ridergh published the following expansion data for electro-
lytic copper:
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Temperature Average Coefficient

Range, of Expans%on,
°C °C x 10
20- 60 16.6
20-100 16.8
20-200 17.3
20-300 17.7
20-400 17*

*From Esser and Eusterbrock, Archiv
Eisenhuttenwesen, 1L (1941), 341.

4.2.1. Summary

Tensile strength data on electroformed copper reported in the literature
vary from 17,000 to 90,000 psi. The strength is a function of the bath com-
position and plating conditions. The hardness of the plate does not have any
correlation with the strength or ductility of the plate. In general, reducing
the temperature or increasing the current density increases the strength of
the copper. This is probably related to the fact that the grain size of the
copper is decreased, which increases the strength.

L.3. TENSILE AND FATIGUE TEST ON ELECTROFORMED COPPER

Tensile tests were performed on copper which had been electroformed at
the Savage Rowe Company in Kalamazoo. It is our understanding that the copper
was deposited under the following conditions:

Temperature: 115°F

Current Density: 100 amp/sq ft
Agitation: Air

Bath Composition:

Copper fluoborate 443 g/1
Copper metal 120 g/l
Free fluoboric acid L5 g/1
Additives None

The test samples were standard 0.5 in. wide strips and were run on an Instron
self-aligning machine. The fracturing of the specimens occurred in an ir-
regular manner in that part of the fracture appeared to be brittle and part
of it appeared to be ductile. The ductility as measured on a fractured
specimen was erratic due to the nature of the fracture. It was therefore
decided to use "uniform elongation" as a measure of ductility, i.e., the
percentage of elongation in two inches at the point where the test specimen
reaches the maximum load.
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The tensile tests on the first shipment of copper in December, 1962, in-
dicated a wide scatter in the strength ranging from 30,000 to 39,000 psi. The
results of the tensile test on the second shipment of copper in January, 1963,
are somewhat lower but more uniform than the results on the first shipment
of copper. Since fatigue tests are being run on the second shipment of cop-
per, only the tensile test results on this shipment of copper are included
in this report. They are somewhat lower than the values obtained on the
first shipment of copper and no explanation has been found for this difference
since the plating conditions were supposedly the same.

The thickness of the sheet material supplied varied from one end of the
sheet to the other by as much as 0.007 in. The variation in thickness of a
2-in. gage length was as much as 0.003 in. However the point of fracture
was not always at the point of minimum thickness. Therefore a thickness gra-
dient was determined for each test piece and the cross-sectional area was com-
puted at the point of fracture. The results of the tensile test are:

Tensile Uniform

Specimen Thickness, Strength, Elongation

No. in. psi % in 2 in.
Fl 0.0249 27,550 7.8
F2 0.0260 27,690 7.8
F3 0.0265 27,470 7.8
Fh 0.0269 26,915 7.0
F5 0.0263 26,995 8.2
Avg 27,324 7.7
G2 0.0106 27,735 9.0
G3 0.0109 26,970 8.2
Gh 0.0118 28,475 11.0
G5 0.0131 28,090 1.3
Avg 27,818 9.0

The microstructure of the copper is shown in Figs. 29-32. The specimens
for microscopic examination were taken from the tensile test bars. The micro-
structure is a typical columnar structure of electro-deposited metals from
baths that do not contain addition agents to produce a fine grain structure.

It was originally intended to use a Sonntag constant-load fatigue-test-
ing machine to evaluate the properties of the electroformed copper under al-
ternating stresses. However the design of the machine did not permit the use
of loads below two pounds and the stress levels needed required loads of 0.5
pounds or less. It was therefore decided to use a constant deflection testing
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machine, and this caused a few weeks delay in starting the fatigue program as
it was necessary to obtain a Krouse testing machine, which is shown in Fig.
33. This machine was purchased from funds supplied by the University and
made available to this research at no cost.

The thickness of the electroformed copper varied over the length and
width of the test specimen. The range in variation of thickness was from a
few ten thousandths to almost two thousandths of an inch. The average thick-
ness was used in computing the load necessary to produce a given stress in
the test specimen. The Krouse machine is designed to permit a desired weight
to be suspended from the crank end of the specimen and electrical contact
established at the deflection produced by the weight. The specimen is then
attached to the crank and the eccentric on the crank adjusted until elec-
trical contact is again established, which indicates that the specimen is
again deflected to the same extent as it was when the weight was employed.
This procedure eliminates the necessity of having to know the modulus of
elasticity of the material. Variations in thickness, surface condition,
etc., enhance the scatter that is normally encountered in fatigue test re-
sults. The data obtained to date cycling around zero mean stress are as
follows:

Average
Specimen Thickness, Stress, Number of Cycles

No. in. PSi to Failure

4 0.020 12,000 10x105%

33 0.02k 12,000 1.28x100

6 0.02k 12,000 1.06x100

5 0.021 12,000 0.5k4x105

> 0.02k 11,500 1.6x10°

3 0.025 11,500 0.9—2,2x100%*
7 0.023 11,000 9.8x100

9 0.022 11,000 4. 9x100

18 0.021 11,000 10x106
13 0.026 11,000 5. bx100

1 0.026 10,000 12x106

*¥Did not fail.
*¥Broke during night. Machine did not shut off.

From the limited data available it would appear that the endurance limit of
this electroformed copper is somewhere between 10,000 and 11,000 psi.
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Fig. 26. Wind tunnel.

Fig. 27. Wind tunnel test section showing access panel.
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Fig. 28. Wind tunnel test section with access panel
removed and air bleed shown.

Fig. 29. Microstructure of "0.010 in." copper, NH,OH, Hz0s
etch, magnification 100x.
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Fig. 30. Microstructure of "0.010 in." copper, NH,OH,
H20o etch, magnification 500x.

Fig. 31. Microstructure of "0.020 in." copper, NH40H,
Ho0p etch, magnification 100x.
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Fig. 32. Microstructure of "0.020 in." copper, NH40H,
H20- etch, magnification 500x.

Fig. 33. Krouse fatigue testing machines.
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