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NOTE TO READERS

The number of digits in some of the tables is an artifact of the computer program used to
analyze the data. This program furnished tabular output with the same number of decimal places for all
numbers. Thus, the number of digits given in the table does not represent the number of significant
digits in the measured or calculated values.

The letters A, B, C, ... that follow the reference number in the tables and graphs are used to
distinguish between data on alloys of different compasition from the same reference.

Each subsection of the monograph Is intended to be self-contained, and usually does not
require the reader to refer to other subsections. However, the table of characterization of materials and
measurements and the list of references are found only at the end of each numbered section. For
axample, a subsection on therrnal expansion of C10100—C10200 copper Is self-contained, except for the
characterization table and reference list found at the end of section 7 on thermal properties.
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1. COPPER AND SELECT COPPER ALLOYS: INTRODUCTION

SUMMARY

The mechanical and physical properties at
cryogenic temperatures for selected coppers and
copper alloys have been compiled, reviewed, and
analyzed. Tables, figures, and regression equa-
tions have been produced. The materials include:
the oxygen-free coppers (C10100—~C10700), beryi-
lium coppers (C17000—-C17510), and the phos-

. phor bronzes (C50500—C52400). The tempera-
ture range for the property data is from 4 to

295 K. Mechanical properties include tensile,
toughness, fatigue, and creep; physical properties
include elastic constants, specific heat, thermal
conductivity and expansion, and electrical resistiv-
ity. In many cases, these properties are a strong
function of metallurgical variables, such as cold
work and grain size. Regression analyses have
been performed In cases where there are suffi-
cient data to ensure reasonable statistical portray-
al of the effect of these variables on specific prop-
erties. Over 2500 references have been as-
sessed; the final review includes over 1000 pages
that contain data from more than 400 references.

The original program of data review was
sponsored by the Office of Fusion Energy of the
U.S. Department of Energy. lts purpose was to
assemble and to evaluate property data useful to
magnet designers for fusion plasma confinement.
Both normal-metal, high-field magnets (e.g., the
Burning Plasma Expetiment at Princeton Plasma
Physics Laboratory, using cold-worked C10700
and C17510 alloys) and NbTi and Nb,Sn super-
conducting magnets (e.g., the proposed Interna-
tional Thermonuclear Experimental Reactor, Law-
rence Livermore National Laboratories, using
C10400 and phosphor bronze alloys) are current-
ly in design or development stages. The review
has been reedited and expanded for those more
generally interested in the low-temperature prop-
erties of copper and selected copper alloys, un-
der the sponsorship of the International Copper
Association, Ltd..

COPPER AT CRYOGENIC TEMPERATURES

. Copper or copper alloys are normally used
in low-temperature structures when a combination
of both physical (high conductivity) and mechani-
cal (adequate strength) properties are needed.
Copper Is used in many cryogenic applications in

association with superconductors which require a
stabilizing normal conductor. High-field magnets,
power transmission and generation, and magnetic
energy storage are current or potentlal large-scale
applications that use both superconductors and
copper stabilizers. Copper is Ideal for stablliza-
tion of superconducting magnets. The role of the
stabilizing material in superconducting magnets is
to prevent catastrophic magnet destruction if a :
portion of the superconductor is warmed above
the critical temperature and becomes resistive.
Copper, used as the stability element, serves to
transfer heat away from the local “hot spots® and
to conduct a portion or all of the current that nor-
mally would travel through the superconductor.
Furthermore, in most composite conductors, the
copper Is expected to carry the majority of the
composite load. The idealized copper stabilizers
have low electrical resistivity, high strength and
elastic moduli, and high thermal conductivity.
Unfortunately, those treatments that promote low
electrical resistivity, such as chemical purification
and annealing, promote low strength; the optimi-
zation of the ratio of flow strength to electrical
resistivity, both at 4 K, becomes the research
driving force. Currently, most conductor compos-
ites use oxygen-free copper (grades C10100—
C10700) with residual electrical resistivity ratios of
about 300 for the annealed condition with less

~ than 0.1 wt% impurities. This copper grade Is

then cold-rolled or extruded to about the
1/4-hard condition to increase its yield strength.
Magnets with a normal metal conductor, that
operate at cryogenic temperatures to achieve
higher electrical conductivity, have also been
constructed. Currently, the design of the Burning
Plasma Experiment (BPX) at the Princeton Plas-

- ma Physics Laboratory includes the use of a

higher-strength beryllium-copper conductor. The

- beryllium-copper system, through carefully con-

trolled thermomechanical processing to achieve
optimum precipitation conditions, offers excep-
tional high-strength, high-conductivity alloys.
Both strength and electrical conductivity of cop-
per alloys Increase at low temperatures. The
high-field BPX magnets are designed to operate
using liquid nitrogen as the coolant, as opposed
to liquid helium that is required for all current
superconducting magnets. -

Traditionally, copper tubes and sheets have
been used in heat transfer and thermal stability

-
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equipment at cryogenic temperatures. The high
thermal conductivity, combined with good sol-
dering and brazing characteristics, has made their
use In refrigeration and transfer-line equipment
very appropriate and resuited In efficient devices.
Copper Is used as the Inner container In many 50
and 100 liter storage Dewars for liquid helium,
hydrogen, and nitrogen. In this application, cop-
per provides excellent thermal stability and its
fabricability serves to keep production costs low.
Copper alloys, especially the brasses and bronz-
es, are used in structural applications that require
reasonable strength, thermal conductivity, and, -
sometimes, brazed or soldered joints. Copper
and copper alloys, as opposed to aluminum and
steels, are easlily formed and joined and have
intermediate elastic, strength, and toughness
properties but lower strength-to-welght

ratios.

The increased use of Nb,Sn superconduc-
tors has placed more emphasis on knowledge of
the low-temperature properties of copper-tin al-
loys. Usually, the reactlon treatment to form
Nb,Sn includes the use of a bronze to provide
the source of tin for the process. The final prod-

per-tin, and Nb,Sn. Knowledge of the thermal,
electrical, and mechanical properties of the
bronze alloy system permit better analysis of the
stabilizer/superconductor system.

. Unlike most metals and alloys, copper and
its alloys are used in applications where excellent
thermal and electrical conductivity, combined with
optimum strength and toughness, are both re-
quired. While the use of other commonly used
alloys at cryogenic temperatures, such as austen-
itic stainless steels or superconductors, demands
- either excellent strength or conductivity, copper.
alloys supply both requirements. Unfortunately,
nature usually resists the combined achlevement
of high strength and high conductivity. However,
there is opportunity (supported by many applica-
tions) for further development of copper thermo-
mechanical processing and alloying to optimize
strength and conductivity.

GENERAL PROPERTIES OF COPPER
Copper and the copper alloys covered in

_ this monograph are widely used because of their
excellent electrical and thermal conductivities,

1-2

good fabricability, adequate strength, and excel-
lent toughness and fatigue resistance. They can
be easily soldered, brazed, and welded. Copper
alloys are normally strengthened by cold work
(copper), solid-solution alloying (Cu-Sn alloys), or
precipitation (Cu-Be alloys). At low temperatures
the increase of strength from these mechanisms
Is significantly greater than at room temperature.
In all cases, at constant temperature, increased
strength leads to decreased electrical conductivi-
ty. Thus, in applications such as high-field, nor- .
mal metal magnets, there is always a trade-off
between conductivity, strength, and operating
temperature.

Selected properties and characteristics of
copper are contained in Table 1.1 (Source for
data: References 1.1—1.5). Some rather specific
electronic characteristics are included, since the
primary use of copper at cryogenic temperatures
is as an electrical conductor. :

Crystallographic features of copper are sum-
marized in Table 1.2 (References 1.1 and 1.6).
The face-centered cubic structure leads to good
ductility and excellent toughness at cryogenic

. temperatures. - The distance of closest atomic ap- -
ucts of the (in situ) reaction include copper, cop- .

proach in face-centered cubic alloys is along
<110> directions on {111} planes.

In comparison to properties of many other
elements, the properties of copper are well known
and have been studied for over 50 years.

OTHER INFORMATION ABOUT COPPER AND
COPPER ALLOYS

Copper and copper alloys have played a
major role in the development of civilization (Ref-
erences 1.7-1.9). The first metal used by man,
some 10,000 years ago, was copper, probably as
a substitute for stone for tools and utensils.
About three to six millennia ago, the extensive
use of copper and copper-arsenic alloys led to
the use of the terms "copper age,” followed by
the "bronze age,” as civilization progressed. The
development of high-temperature clay kilns per-
mitted the smelting of copper. Primitive copper
metallurgy spread from Egypt (where copper was
mined and refined on the Sinal Peninsula as early
as 3800 B.C.) to Crete and Cyprus and, subse-
quently, to much of the Roman Empire. The
alloys processed in these early times had high
arsenic contents, and there is evidence that the
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Tablq 1.1. General Properties of Copper.

Atomic Number 29
Atomic Weight 63.546
Atomic Diameter 2551x10°m
Metlting Point 1356 K
Boiling Point 2868 K
Density at 293 K " 8.4 x 10° kg/m®

Electronic Structure 3d1°4§
Valence States 2,1
Fermi Energy 7.0 eV

Fermi Surface

spherical, necks at [111]

Hall Coefficient -5.12 x 107 m%/(AsS)

Magnetic State diamagnetic || * -
Heat of Fusion 134 J/g

Heat of Vaporization 3630 J/g

Heat of Sublimation @1299 K 3730 J/g

Table 1.2. Crystallographic Features of Copper.

Type of Structure Al
Space Group O,,5 - Fm3m
Crystal Structure face-centered cubic

Number of Atoms per Unit Cell

4

Lattice Parameters at 293 K

36147 x10%m

Distance of Closest Atomic Approach 2556x 10 m
(Burgers vector) at 293 K

‘Goldschmidt Atomic Radii 1.28x10m
(12-fold coordination) ‘

Atomic Volume 1.18210% m?

1-3
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mineral algodonite (CugAs) was deliberately
added to copper to obtaln greater hardness. The
later use of tin alloying led to more controlled
alloy properties and to the bronze age. The
bronze age Is judged to conclude with the intro-
duction of Iron alloys (iron age) in about 1500
B.C.

It was not until the 20th century, however,
that property measurements at cryogenic temper-
atures were conducted on copper. Perhaps the
earliest report of mechanical property testing was
the 1922 work of Guillet and Cournot (Reference
1.10) who studied the hardness and impact re-
sistance of copper and brass at room tempera-
ture, liquid air, and several intermediate tempera-
tures. As early as 1907, Dorsey (Reference 1.11)
had studied the thermal expansion of copper at
temperatures ranging from room to liquid air.

Sources of compilations or reviews of the
properties of copper at low temperatures are rare.
Reed and Mikesell (Reference 1.12) compiled the
mechanical properties of selected coppers and
copper alloys (brasses, bronzes, aluminum bronz-

es, and cupronickel alloys) at cryogenic tempera-

tures in 1967. A section in the Handbook on
Materlals for Superconducting Machinery (1977)
(Reference 1.13) is devoted to copper alloys. The
physical properties of copper at low temperatures

have been compiled by Touloukian (1967) (Refer- -

ence 1.2). Earlier, Wilkins and Bunn (Reference
1. 14) prepared a compilation of mechanical prop-
erties, at room temperature and above, that in-
cludes copper, beryilium coppers, and tin bronz-
es. Their book contains a comprehensive refer-
ence list of early mechanical-property papers,
from about 1910 to the 1930’s. Recently, Thomp-
son, et al. (Reference 1.15) have prepared a wall
chart with important low temperature properties
of copper
. There are excellent general dlscussions of

the | uses, fabrication, product forms, and room-
temperature properties of copper and copper al-
loys. We describe several here. The Copper
‘Development Assoclation supplies a series of
Standards Handbooks for Wrought and Cast
Copper and Copper Alloy Products, Reference .
1.16. This series is a very useful reference source
for current standards and is an aid for specifica-
tions. Parts of this series include tolerances,
‘wrought-product alloy data, terminology, engi-

neering data, sources, specification cross index,
and cast-product alloy data. The American Soci-
ety for Metals has prepared an excellent Source
Book on Copper and Copper Alloys (Reference
1.3) with many contributions from experts in se-
lected areas. These include metallurgy, process-
ing, fabrication, and properties and designations.
Welding and soldering are addressed by papers
contained In this book but more extensively in the
ASM Metals Handbook on Welding and Brazing.
Reference 1.17.

Research on copper and copper alloys,
emphasizing thermodynamic data and processes
and binary and temary phase diagrams, has long
been encouraged by the International Copper-
Research Association (INCRA), which began a
Monograph Series in 1971, Reference 1.18. Since
then, a series of review papers has been released
by INCRA, now ICA, Ltd. (Internationa! Copper
Association, Ltd.). A recent general book on
copper and copper-alloy manufacturing, prop-
erties, and uses has been edited by Mendenhall
(1986), Reference 1.19. Butts presented exten-

sive discussion of copper and copper alloy metal- .

lurgical practices and property characteristics in a
1964 publication, Reference 1.20.

JOINING

Copper and copper alloys can be easily
welded, brazed, and soldered. The ASM Source
Book on Copper and Copper Alloys (1979) (Ref-
erence 1.3), Metals Handbook on Welding and
Brazing (Reference 1.17), and Butts (Reference
1.20) have good discussions of copper jaining
techniques. Welding of pure copper is dependent
on oxygen concentration. Deoxidlzed and oxy-
gen-free pure coppers are joined using both gas
and arc welding. The high conductivity of pure
copper requires high heat Inputs and, for thick
sections, preheating may be necessary. Oxygen
segregates to form oxides at grain boundarles
during welding; therefore, there Is difficulty in
obtaining sound welds of coppers that contain
oxygen. Welding rods that contain no oxygen
are also used. The commonly used welding
techniques for copper are inert-gas metal arc
(MIG) and inert-gas tungsten arc (TIG). The TIG
process, capable of producing higher deposit
rates, is usually used on thick sections. Copper
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Is readily brazed using copper-silver or copper-
phosphorus filter metals and easily soldered using
lead-tin solder. Most copper alloys can be weld-
ed using shielded metal arc, Inert-gas tungsten
arc, inert-gas metal arc (He or Ar), and sub-
merged arc. Some alloys (including Cu-Sn) are
*hot-short™; therefore, overheating and preheating
should be avolded and low interpass tempera-
tures malintalned in these alloys.

MONOGRAPH CONTENTS

~ The objective of this monograph is to pro-
vide a handbook of critically evaluated data on
those coppers and copper alloys that are most
used in applications at cryogenic temperatures.
Handbook data that are critically evaluated pro-
vide a basis for decislons on design allowables,
or alternatively, identify requirements for more
characterization of existing materials or develop-
ment of new materials. They provide guidance
for material procurement specifications, since
many key properties at low temperatures are
strongly influenced by chemical and. metallurgical

reported at “room temperature” were considered
as obtained at 295 K.)

All data used in this monograph were ob-
tained from original, documented literature, rather
than from surveys, handbooks, or other Incom-
pletely documented sources. In contrast to earli-
er handbooks, all original data upon which design
curves and equations are based are presented as
well as much more extensive characterization In-
formation on the test specimens, measurement
techniques, and thermomechanical treatment.
(The UNS specification given in the characteriza-

- tion tables is the closest that could be determined

differences within standard. specifications. Critical =

data evaluation provided in handbook pages or
other formats forms the basis for decisions on
material selection and for comparison of data ob-
tained at different International laboratories on
competing materials. '

Tensile, toughness, fatigue, creep, elastic-

constant, thermal, and electromagnetic properties -

are covered. Materials include C10100—C10700
coppers, C17000—C17510 beryllium coppers, and
C50500—C52400 phosphor bronzes.: Commer-
cially available Cu-Sn alloys are known as phos-
phor bronzes and are so designated in this
monograph. Phosphor is added to the commer-
clal alloy as a deoxidant. Composition ranges for
these materials are given in Tables 1.3—-1.5. To
identify the materials in this monograph, we have
used the UNS designation for the wrought alloys;
composition ranges for the cast alloys are also
included In Tables 1.3—1.5. Tables 1.6-1.16 sum-
marize other Informatlon on these materials, in-
cluding typical uses, forms and tempers, and
fabrication. Table 1.17 gives standard temper
designations for copper alloy flat stock and tem-
per equivalents for rolied and drawn product.

The temperature range for this monograph is
liquid helium (4 K) to room temperature. (Data

1-5

from the composition information presented in the
document from which data were taken.) Data are
usually presented as a function of temperature, -
both in plots of individual data points and as plots
where data scatter bands are included. The data
scatter bands represent, statlstically, plus and -
minus two standard deviations (S.D.s). Emphasls
has been placed on identifying the effects of %
chemistry and materlal-processing parameters -
such as cold work, grain size, aging temperature,
and alloy composition, since these effects are -
more prominent at very low temperatures. Linear
and nonlinear regression analyses are used to -
quantify the dependencies of specific properties
on these variables. Where sufficient data are .
available, the dependence of mechanical and
physical properties upon such parameters is pre-
sented in the handbook pages with model equa-
tlons and graphs.
~ With few exceptions, all low-temperature
data for the specific alloys and properties are
included in the critical review. However, not all
room-temperature data are Included. Papers and
reports that contain room-temperature data, but
no fow-temperature data, were in general not in-
cluded. In some cases, data are included if a
significant metallurgical variable, such as grain
size or cold work, was systematically varied and
the property was measured at room temperature.
Almost all data analyses are unique to this

critical review, a practice that ensures self-consis-
tency and originality. The only exceptions are
two comprehensive analyses of cryogenic copper
thermal conductivity and electrical resistivity,
recently completed at NIST [Equations (7-2) and
(8-1)]. Except for these analyses, which em-
ployed a combination of techniques, all Interpreta-
tions of data presented are relatively straightfor-
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Table 1.3. Composition of Oxygen-free Copper in Wrought and Cast Form: (percent maximum and '
" composltion values in welght percent unless otherwise Indicated). From Reference 1.21.

. WROUGHT ALLOYS
Ag
auov | oesie DESCRIFTION CugnelAg) | % | Troyoz] As so P Te | OTHER NAMED

“TONO. NATION (% Min) Min Min ELEMENTS
€10100 OFE | Oxygen Free Electronic | 99.99(a) | — | — [o0.0005)o00004] 00003 | 0.0010 ®)
C10200 (c) OF Oxygen Free 99.95 —_ —_ —_ - i _ —_ —_
C10300 OFXLP 99.95 (d) —_ —_ — —_— 0.001-0.005 — —_
C10400 (c). OFS Oxygen Free with Ag 99.95 0.027 8 —_ —_ _ —_ —
€10500 (c) OFS Oxygen Free with Ag 99.95 0.04 10 —_— — — —_ —_
C10700 OFS Oxygen Free wnhﬂ{ 99.95 0:65 25 — — -— — —

(n) . Copper is determined by the difference of impurity total from 100%. .
() Bi, max., 1 ppm (0.0001%); Cd, max., 1 ppm (0.001%), Fe, max., 10 ppm (0.0010%); Pb, max., 5 ppm (0@5%); Mn,
max., 0.5 ppm (0.00005%); Hg, max., 1 ppm (0.00001%); NI, max., 10 ppm (0.0010%); Oxygen, max., 5 ppm (0.0005%);
Se.. max., 3 ppm (0.0003%); Ag. max., 28 ppm (0.0025%); S, max., 15 ppm (0.0015%); Sn, max., 2 ppm (0.0002%);
Zn, max., 1 ppm (0.0001%). Hg, max., 1 ppm (0.0001%); Zn, max., 1 ppm {0.0001%).
(¢):- These are high conductivity coppers which have in the annealed condition a minimum conductivity of 100% IACS.
(d) Inctudes P.

.

CAST ALLOYS
Ag
ALLOY | Cu (incl. AQ) % Troy Oz B P
NO. (% min.) min -min
—————
C80100 99.95 —_ —_ —_ _
C80300 99.95 0.034 10 —_— —_
C80500 99.75 0.034 10 0.02 —_
C80700 99.75 S — 0.02 —_
C80900 99.70 0.034 10 _ —_
cs1100 99.70 —_ —_ — —
C81200 99.9 -— — -_— 0.045-0.065

16
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Table 1.4. Composition of Beryllium-Copper Alloys in Wrought and Cast Form in Weight Percent
(percent maximum unless shown as a range or minimum). From Reference 1.21.

WROUGHT ALLOYS:
ALLOY | PREVIOUS Cu Fe N Co Si Be Pb OTHER
NO. TRADE | (incl. Ag) - NAMED
NAME ELEMENTS
C17000 | Beryllum | Rem.(a) | () () ®) 020 | 1.60-1.79 — | ozo%n
Copper
C17200 | Berylium | Rem. (a) () ) ) 0.20 1.80-2.00 - 0.20% Al
Copper
C17300 | Beryilum | Rem.(a) | () () ®) 020 | 180-200 | 02006 | o020% A
: Copper
C17400 Rem. (a) | 0.20 - 015035 | 020 | 0.15-0.50 - 0.20% Al
C17410 Rem. (a) | 0.20 — 03506 | 020 | 015050 — 0.20% A
C17420 Rem. (a) | 0.20 — 00506 | 020 | 0.05-0.15 — 0.20% Al*
C17500 | Beryllium | Rem.(a) | 0.10 - 2427 | 020 | 04007 - 0.20% A
Copper
C17510 Rem. (a) | 010 | 1.4-22 0.30 020 | 02006 - 0.20% Al
(@) Cu + Lsum of named elements = 99.5% min.
() Ni + Co, 0.20% min.; Ni + Fe +_Co. 0.6% max.
CAST ALLOYS
ALLOY| Cu Ag Be Co Si Ni Fe| A |sn|P|2n] Cr
NO.
C81700| 94.2 min.| 0.8-1.2 | 0.30-055 | 025-1.5 — o515 —| —| —| =} —] —
c81800] 95.6 min.| 0.6-1.2 [ 0.30-085 | 1.4-17 — _ =l =1=]=1-=1-=
c82000|950min.| — | 04508 | 2427().| o015 020 |o.10[0.10|0.10|002]0.10] 0.10
ca2100|9s5min.] — | 03508 | 02515 — Jossas| —| | =|=1=] =
C82200 | 96.5 min. — 0.350.8 — — 10-20| — | —|—|—]—-1]—
c82400| 964 min.| — | 1.65-1.75| 0.20-0.40 — 010 |o020[0.15]0.10|0.02]0.10} 0.10
c82500|955min.| — | 1.90-215| 0.35-0.7 (8) | 0.20035 | 0.0 |025]0.15]0.10]0.02[0.10{ 0.10
cezs10|955min.|] — |190-215| 10-12 [o020035| 020 |o025]0.15]0.10f{0.02f0.10]0.10
ce2600| 952min| — |225-245| 03507 |020035| 020 |o025]015|0.10]0.02[0.10f0.10
c8z7o0|o46min.| — | 235-255 — 015 | 1.0-15 |025]0.15]|0.10] 0.02] 0.10f 0.10
c82800|s48min.| — |250-275| 0.35-0.7 (8) | 0.20-035| 020 |o0.25]0.15{0.10]0.02(0.10] 0.10
(a) Ni + Co
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-

. maximum unless shown as a range or minimum). From Reference 1.21. '

Table 1.5. Composition of Phosphor Bronzes in Wrought and Cast Form in Weight Percent (percent

'WROUGHT ALLOYS
ALLOY PREVIOUS Cu Pb Feo Sn Zn P OTHER NAMED
NO. TRADE NAME @) ELEMENTS
C50100 Rem. | 005 0.05 0.050-0.8 - 0.01-0.05 —
©50200 Rem. | 005 0.10 1.0-1.5 — 0.04 —
C50500 | Phosphor Bronze, | Rem 0.05 0.10 1.0-17 0.30 0.03-0.35. —
1.25% E T
C50700 Rem 0.05 0.10 1.5-2.0 — 0.30 —
©50710 Rem — — 1.7-2.3 — 0.15 0.10-0.40% Ni
C50715 Rem. | 002 | 005015 | 1.7-23 — 0.025-0.04 ®)
50800 Rem. | 005 0.10 2634 - 0.01-0.07 —
C50900 Rem. | 005 0.10 2538 0.30 0.03-0.30 —
C51000 | Phosphor Bronze, | Rem. | 005 0.10 4.2-58 030 | 003035 —
5% A .
C51100 Rem. | 0.5 0.10 3549 030 | 003035 —
C51800 | Phosphor Bronze | Rem 0.02° - 40-60 — | o.10-03s 0.01% Al
C51900 Rem. 0.05 0.10 5.0-7.0 0.30 0.03-0.35 —
C52100 | Phosphor Bronze, | Rem. | 0.08 0.10 7.0-9.0 020 | 0.03-0.35 -
8% C
C52400 | Phosphor Bronze, | Rem. | 0.05 0.10 9.0-110 | 020 0.03-0.35 —
10% D
{a) Cu + sum of named elements = 99.5% min.
®) Cu+ Sn + Fe + P = 93.5% min.
CAST ALLOYS
ALLOY Cu (a) Sn Pb Zn Fe | Sb | Nifa) s [p@f A si| m
=:NO. {incl. Co)
C90200| 910940(®)| 6080 | 030] 050 |o020[o020] o0s0 [oo0s | 0.05[c00s [ooos| —
C90250 | 89.0-91.00)| 90-110 [ 030| o050 [o025|020| o8 005 | 0.05 |0.005 [0.005 | 0.10
Ca0300 | 8s0-890m) | 7590 | 030| 3050 020 0.20 1.0 005 | 0.05[0.005 [0.005 | —
Co0500 | 86.0-89.0(c) | 9.0-11.0 | 030 | 1030 020 ] 0.20 1.0 005 | 0.05]0.005 [o00s [ —
C90700 | 88.090.0() | 100-120| 050| 050 | 015) 020| 0850 | 005 | 0.300.005 [0.005 | —

(a) In determining copper minimum, copper may be calculated as Cu + Ni.

(b) Cu + sum of named elements = 99.4% min.
{¢) Cu + sum of named elements = 99.7% min.

18
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permission.

Compaosition — percant

Nesrest Applicable AS TM Spacifications

Nomine! I Hnlmuml Mazimum
I Flat Products B48, B133, B152, B18?
Copper (inc) Silver) [ ... .. 99.99 B272,B432, B4S1, F68
Residual Deoxidants one Pipe B42, D188, F68
Phosphorus .0003 Rod B49, B133
Tellurium .0010 B1B7, F68
Other Named Elements . Shapes B133 B187, F68
Tube Bs8, B75, B188, B280
® The total of the seven following elements, Se, Te, Bi, ) B372, B447, B641, F68
As, Sb, Sn and Mn not 1o exceed 40 ppm, (.0040%); Wire B1, B2, B3, B33, B43
Hg, max., | ppm, (0001%): Zn, max., 1 ppm. B189, B24F D72
(0001%), Cd, max.. I ppm, {.0001%), S, max., 18 B298,BY. !
ppm, (.0018%), Pb, max., 10 ppm, (.0010%); Se,
max., 10 ppm (.0010%); Bi, max,, 10 ppm (.0010%);
Oxygen max,, 10 ppm, (.0010%). .
Forms and Tempers Ansssied Tempurs Rolied or Drewn Tempers O
Most Commonly Used g Finiahed
z i Tempars
g H
Nomine! Grain Eias e z g i -
= al = = - - 8 5
ceeccol38EEsE g EiEdEE
- Iz X & 7 - -
HHENITH L
EERRRI} SEERER D :
g R e §istsiisls i
-,agggqii‘ i i -jé i“‘i:l
Stnp, Rolled § ... ..
Strip, Drawn § ..
Flat Wire, Rolled
FLAT Flat Wire, Drawn
PRODUCTS Bar, Rolled
Bar, Drawn
Sheet
Plate
RODJ ....¢ - v @i o @i @i )@
WIRE] ... ..¢ - - o@ -] @ @ - - @ @i e i e
TUBE] ....0.--- @ @ 2+ ot e eiiees .. et
PIP NN -4l AU [
SHAPES | ..... PR P ® i L]
DRAWN-GENERAL PURPOSE (HS8) temper b used HARD DRAWN ' (HO() temper bs used LIGHT DRAWN-BENDING (H$3) temper is

the one band o1 for bending qualities on the

only where thers ks need for 4 tube as
bard of w mrOng W B commercially

fasibla for 1be siza 0 quedtion

Typical Uses

"ELECTRICAL AND bus bars, bus conductors and other conductors, wave guides, hol-

ELECTRONIC:

low conductors,

lead-in wires and anodes for vacuum tubes,

vacuum seals, innustor components, glass to metal seals, coaxial
cables and coaxial tubes, kiysiroas, micro-wave tubes, sutomotive

rectifien
Common Fn!ru:uon Prounu

Blanking, coining, coppersmithing, drawing, ctc.hm. fonmn; mdbend.l.n;.

cend only where » tube of some siiffosm, but
yet capsbie of resdlly being bemt (or other-
wise modentely cold worked) is needad,

hesding and upsetting, hot forging and p 1g, piercing and pi
threading and knurling, shearing, spinning, squeszing md swaging, nmm
Fabrication Properties

Capacity for Being Cold Worked . ............. Excellent Suitability for being joined by:
Capacity for Being Hot Formed ......... . Excellent Soldenng. . ...uvuniiei i .., . Excellent
Hot Forgeability Rating (Forging Brass = 100) . .. ... ... 65 Brazing ........ Excellent
Hot Working Temperature , . _ ., 1400-1600 F or 750-875 C Oxyacetylene Welding. . . ... ... .ocinennn Fair
Annesling Temperature .. .. ... 700-1200F or 375650 € Gas Shielded Arc Welding . ... ............. Good
Machinability Rating (Free Cutting Brass = 100) ., .... ... 20 Coated Metal Arc Welding. . Not Recommended

Spot

Resistance Welding Seam. ..

Butt

.. Not Recommended
. Not Recommended -
Good

Table 1.6. Nominal Composition, ASTM Specification for Forms, Commonly Used Forms and Tempers,
Typical Uses, and Fabrication Processes and Properties for C10100. From Reference 16, with
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Table 1.7. Nominal Composition, ASTM Specification for Forms, Commonly Used Forms and Tempers,
7 Typlcal Uses, and Fabrication Processes and Properties for C10200. From Reference 1.16, with
permission.

Composition — percent
Nesrost Applicable A S T M Specifications

Nowminal ML&_
) . Flat Products B48, B133, B152, B187,
) Copper (incl. Sitver) S| 9995 - . B272, B370, B432, B451, B506
Residual Deoxidants o None Pipe B42, B188 A
. Rod B49,B124,B133,B187
Shapes B133,B187
Tube ' B68,B75 B84, Bll], B188,
B2B0, B359, B172, B395, B447,
., B640, B641
Wire BI, B2, B3, B33, B47, B43, B49,
B116,B189, B246, B286, B298,
B355, B566, F9 .
Nipples B687
Forms snd Tempers . Agnenind Tumpers Aolled o Du— Tempars

i

Most Commonty Used

gg 25 i g g § s ?
HHTHHIHIL
§§---E!!5.;§§i§i-§§§!-
- ? N
seaneziddaa by idilisia|l
Strip, Rolled L . . . .. ®....9 . ..0. .. |08 . 6.8 . ... ®. . ... ®.. @& . ... A SR
Strip, Drswm .. .... ....... R A . PR FPEN
Flat Wire, Rolled . . . N
FLAT Flai Wire, Drawn
PRODUCTS
. SHAPES)p. ... ®......... | .‘
mw-&mmmmnunupn—l HARD DRAWN mb)mwhu LIGHT DRAWN-BENDING (H5S) teupm b
for gunaral parposs tobe caly, woally whee thers b only whare (hers b need for s tube & ussd only where 3 be of mme iffases, dut
5o real requitemert for high ayength of hesdees os hard or & sttong m & commercially yo capable of resdily being beml (a1 other
m&hﬂufamq—&umm foash falhh}:an—h. wiss modargtely cold workad) iy eeded.
Typical Uses

ELECTRICAL: bus bary and bus conductors, and other electrical conductons,
wave guides, copper to glass seals in clectronic appliances

[~ Febrication Pr

Blanking, coining, coppersmithing, drawng, etching, forming and bending,
heading snd upsetting, hot forging and presung, piercing and punching. roll
thseading and kourling, shearing, spinning, squeezing and swaging, stamping

Fabricstion Properties
Capacity for Being Cold Worked. . . . . ... ... ... Excellent Suitability for being yoined by:
Capacity for Being Hot Formed . . . . ... . ... Excellent Soldering.
Hot Forgeability Rating (Forgng Brasgs = 100) . ... .. .. 65 Brazing . .
Hol Working Temperature , . . . 1400-1600F or 750-875 C ' Oxyacety! ing. .
Annealing Temperature . ... ... 700-1200 F or 375650 C Gas Shielded Arc Weldin ..
Machinability Rating (Free Cutting Brass= 100) . . ... .. 20 Coated Metal Arc Welding . Not Recommended
' Spot ... . Not Recommended
Resisiance Welding Seam........ Not Recommended

1-10



1. COPPER AND SELECT COPPER ALLOYS: INTRODUCTION

Table 1.8. Nominal Composition, ASTM Specification for Forms, Commonly Used Forms and Tempers,
Typlcal Uses, and Fabricatlon Processes and Properties for C10400, C10500, and C10700. From
Reference 1.16, with permission.

Composition — percent

Nearest Applicable A S T M Specifi

| Nominst | Hmmuml Maximum
Copper (incl, Silver) 99.95 Flat Products B48, B33, B152, B187, B272,
' : BS506
Silver® . Pipe B42,BI188
No. C10400 027( 8) Rod B49,B133, B187
- No. C10500 034(10) Shapes BI133, B187
No. C10700 085(25) Tube B68, B75, B188, B280, B372
Wire BI, B2, B3, B48, B49, B246,

B272, B298, B35S
*® Figures n parentheses are troy
ounces per avolrdupais ton.

Most c:?ndn:;‘n"u e Twh?m‘g E:h:
Ei-aaiﬂiiioéigf-“ =
segg8zil §§i!i§f§§i.§fgi

Strip, Rolled
Strip, Drawn
Flat Wire, Rolled
Flat Wire, Drawn
Bar, Rolled

Bar, Drawn

FLAT
PRODUCTS

HARD DRAWN (HA0) tempuy by wpexd
ooly where Uers i need foy o tube =
bard o1 s song @ b comwmyclly
fearible for the gze in qoestion

LIGHT DRAWN-RBENDING (H3S) tmmper b
uped ooly where & fube of same stiffmem, but
yet capsble of readily being -bent (cx otber-
wise moderately cald worked) is mseded,

Typical Uses
AUTOMOTIVE: paskets, radiators )
ELECTRICAL: bus bars, conductivity wire, contacts, radio parts,

" windings, swilches, terminals, commattor segmenis
MISCELLANEOQUS: b | process equip inting rolls, clad metals,
printed circuit foil; also where bruzing 1n a hydrogen aimosphere
Common Fabrication Processes
Blanking, coining, coppersmithing, dmwing, etching, forming and bending,
heading and upsetting, hot forging and pressing, piercing and punching, roll
threading and knurling, shearing, spinning, squeezing and swaging, “stamping

. Fabrication Properties

Capacity for Being Cold Worked ... ............. Excellent Sutability for beiny d by:

Capacity for Being Hot Formed ............ Excellent : Solgenng s )m,n,:. v Excellent
Hot Forgeability Rating (Forging Brass = 100) ... ....... 65 Brazing. .. .. Excelent
Hot Working Temperature.. 1400 - 1600. . F or 750-875 C Oxyacetylene Welding, - . ... ..o Fair

Annealing Temperature. ... 900 - 1400 .. F or 475-750 C

Gas Shielded Arc Welding. - - . ..-..........
Machinability Rating ( Free Cutting Brass = 100) al Are Weld

Good

Coated Metal Arc Welding. . . . . . .Not Recommended
........ Not Recommended
++1- .. .Nol Recommended
Good

Resistance Welding
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Table 1.9. Nominal Composition, ASTM Specification for Forms, Commonly Used Forms and Tempers,
" Typical Uses, and Fabrication Processes and Properties for C17000. From Reference 1.16, with

- permission.

~

Composition — percent

Nearest Applicable A S T M Specifications

- Nomwnel | Min:mum | Maximum
! Forgings B570
Copper (incl. civer) | 98.3 Rem. Flat Products B194, Bl%6
Berylum | 17 | 160 | 1.79 Pipe
Nickel + Cobalt .20 Rod | B196
Ni+ Fe +Co - 5 Shapes | B570
Silicon 20 Tv';‘“
wre
Forms and Tempers Anneaiad Tempenry Roliad or Drewn Tempers Hot
Mort Commonly Used 3 - 1'_"'""
x apre
g :
Nossingl Grain Gizs ewm z g i g
= § 5 _ _ g & - § g
...... g8(8:;8 g Fj8if
SERBEE asi-tsztzdiilall
ggezs g} SREREE RN A H
SRR R R R R R R R I |
EERRLIEIERE RN REN NN EIH
Stnp, Rolled PYPE T S SR T T
Stnp, Drawn ... .o o e e b
Flat Wire, Rolled
FLAT Flat Wire, Drawn
PRODUCTS Bar, Rolled
Bar, Drawn
) Sheet
* Plate
- ROD
~ WIRE
- TUBER .. ...... .o
PIPER . . P
) SHAPESH ... ... ... ..o o s ANt B R
DRAWN-GENERAL PURPOSE (HSE) temper is used - HARD DRAWN (H30) t-npuh;d LIGHT DRAWN-BENDING (H55) tzmper &
for peneral parposs tube caly, usmally where there b only whare there ls aoed for 3 lubo & ' upsd only where & tube of some srifform, but
po resl requiement [or high sreogih or bardams on herd of s drong &3 b commerchlly yet capsble of resdily being bent {or other-
the oo hund or [or bemding qualities on the other. leasble for the gi2e [0 Quesion wie mrodwmtety cold worked) b needad,
4. Solution heat freated. $. Specul mill p awnd p i
Typical Uses

HARDWARE

INDUSTRIAL

bellows, bourdon tubing, diaphragms, fuse clips, fasteners, lock washers,
springs, switch parts, relay parts, electrical and ‘electronic connectors,

retaining rings, roll pins .

valves, pump parts, spline sha(ts, rolling mul parts, welding equipment

Common Fabrication Processes.

'Bl.lnking, drawing, forming and bending, turning, drilling, lepping

Capacity tor Being Cold Worked ., ..
Capauity tor Being Hol Formed .. ..

Hot Forgeahility Raning (Forging Bras‘s - IOOI
1200-1500 F or 650-825 C

Hot Wurking Temperature .. ..
Annealing Temperature

. 1425-
Machinability Rating (Free Cutting Brass = 100}

Fabrication Properties

........... Excelient Suitabilty for bewng Joined by
.. Good SoMdering ...
............ Brazing ......

1475 F or 775-800 C
..20

Resistance Welding

Oxyucelylene Weiding .
Gas Shielded Arc Welding
Coated Metal Arc Welding - -

Spot
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Table 1.10. Nominal Composition, ASTM Specification for Forms, Commonly Used Forms and Tempers,
Typical Uses, and Fabrication Processes and Properties for C17200 and C17300. From Reference
1.16, with permission.

Composition — percent - ) Nearest Applicable A S T M Specifications
ANoy No. C17200 Attoy No. 17300
Nom.| Min. | Mex. § Nom |sin.| Max. conpe Alloy copper ANley
y Wa. C17200 No. €17300
Copper 9. 97.7
Beryiliom |; 180 | 200 12 [180| 200 Forginga | 8570
Lesd 40| 2 ry mem:p:: 8194, 8196 sioe
MNickel + Cobalt 20 20 ‘.
e S0 I P e e ors
Silieon 20 20 Tube | eea3
Aluminum 20 20 wirs | 8187
Forms snd Tempers * Annesied Tempers Roled or Dreem Tempers Hot
Most Commonly Used g _ :"‘"‘
I ‘spers
3 z g .
Nominal Grein Bize mm z g 2 3
_|88|8:sF & P8 HEH ]
5EFEEE 4732 5523*'5'&
o =g = 3
uggulgi.;i%i!i'iiigz
° e P E < j
seafgc |20 f EsEdTEaq
Strip, Rolled -~ -+ +--roovevv-es LB D -9 & 9 - [ R N R

FLAT Rat Wu-e, Drawn
PRODUCTS Bar, Rolled
Bar, Drawn
Sheet
Plate |- e @ e e
- - oY+ 1 S I
wiREl.-. - .- e} e e @b
TUBEL - o e
P e b ] ..
SHAPESJ- .- - - ovnvnn P PPN P
DRAYN-GENERAL PURPOSE (HSB) tamper b5 vaed HARD DRAWN (H80) temper by wed LIGHT DRAWN-BENDING (HSS) tamper b
fov geoseal purpass tubo caly, ussally whers there b only where thers & oeed (of & fube m used only where 3 wbe of some mifToems, but
Do rwl roquirement for high strength or bardnem on bard or as mrong m» b commerchlly yo capable of resdlly being bent (or otber-
the oos hend or for bending quaBties on the other. foasible for (he size In Qoeston -hmudmubunuvond)hn-dd.
4. Solution Heal Treated. 5. Special Mi] Procexting and Pre
Typical U
HARDWARE: Belbws, bourd tubm;, iaph fuse clips, fas-
lmen lo:k vuhen, syn.nu switch parts, relay parts,
and retaining rings,
roll ping

INDUSTRIAL: Valves, pump parts, spline shafts, rolling mill parts,
welding equipment

Common Fabrication Processes

Blanking, ing, forming and

g, turning, driling, tapping

R Fabrication Properties
Capacity for Being Cold Worked. , . ............. Excellent Suitsbility for bewng joined by:
Capacity for Being Hot Formed , .. ............... Good Soldering ... ........o..ouienr...
Hot Forgeability Rating (Forging Brass = [00) Brazing L.
Copper Alloy No. 172 ........... ... ... .. 0 Oxyacetyleae Welding . . ..
Copper Alloy No. 173 ........ Not Recommended Gas Shiclded Arc Welding . ,
Hot Working Tempersture, .. ... 1200-1500 F or 650-825 C Coated Metal Arc Welding .
Anpesling Tempersture .. ... . 1425-1475F 61 775-800 C Spot. ..., .
Machinability Rating (Free Cutting Brass = 100) Retitance Welding  { Seam. ... .,
Copper Alloy No. C17200 .......... ..ot 20 Bum. . ..., ... .........
Copper Alloy No. CI7300 .« - o v ovvmvrinnnnnnne 50
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Table 1.11.

1.16, with permission.

Composition — percent

Nominal Composition, ASTM Specification for Forms, Commonly Used Forms and Tempers,
* Typical Uses, and Fabrication Processes and Properties for C17500 and C17510. From Reference

Nearest Applicable A S TM Specifications

Alloy N. C17800 Alloy No, C17810
Nom. | Min. | Max. Nam‘IMin.I Max, Flat Products § B441, BS34
T .
Capper (inci. Sitver) 978 Rem. Pipe
Iron A0 Rod B44)
Nicks 18 14 | 22
Shapes
Cobalt P U .}
Silicon ] e Tube ' ,
Berytlium . 2 6 )
Aluminum .. .. .20 Wire
Forms snd Tempeans Annssied Tempurs Aohed or Drywm Tempers_ Hot
Most Commonly Usad Ei _ | Firiatmea
=z 8 Tormpers
g T E
[Nominel Grain Eize e g j} § .
2 5l= = . =
e e _ - )
oo lEHrEgr ¢ il
§E§gs JElszarsd il
AR IR E R R R R R I R B 1L
srasesli i iadnifeibiglill
AR R R HIEIF RN R ERE B { I
. .
! Stnp, Rolied
Strip, Drawn
Flat Wire, Rolled
FLAT Flat Wire, Drawn
PRODUCTS Bar, Rolled
Bar, Drawn
Sheet
Plate
ROD
WIRE
TUBE
PIPE .
SHAPES .............. YRR PRI L I PR [N PR

DRAWN-GENERAL PURPOSE (HSE) t=mper b wsed

the omo hand or for bending quaBties on tho other.

HARDWARE:
INDUSTRIAL:

HARD DRAWN (H80) tvmper [ used
only where there ls need for a tubs »
hed or . Rroog u b commercially
faagible for the szo in Quemion.

Typical Uses

fuse clips, fasteners, springs, switch parts, relay parts,
electrical conductors
welding equipment

Common Fabrication Processes

forming and b

ding, turning, drilling, tapping

Capacity for Being Cold Worked . .. ..... ......

Capacity for Being Hot Formed

Fabrication Properties
.

Suitability for being joined by

Excellent

Good Brazing .

LIGHT DRAWN-BENDING (H33) temper &
wed only where ¢ fube of ‘some stiffnem, but
yot capsbie of readily betng bent (o1 other-
wise modorutely cold worked) b needed.

Hot Forgeability Raling (Forging Brass = 100)

Hot Working Temperature ., ... ... 1200-1625 F or 650 765 C
Machinability Rating (Free Cutting Brass = 100)
Solution Heal Treating Temperature 1675-1725 F or 900-950 C

Onyacetylene Welding + - - .. -

Gas Shiclded Arc Welding - - - - - -« ceo v vv vt Fuair
Couted Metal Arc Welding: -« -+ -+ +- .. Fur

Spot - Good

Resistance Welding Seam- - Fair
BUIL ~ v rverrnininannn Fuir
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Table 1.12. Nominal Composition, ASTM Specification for Forms, Commonly Used Forms and Tempers,
Typical Uses, and Fabrication Processes and Properties for C50500. From Reference 1.16, with
permission. ' ' ‘

Composition — percent .
Nearest Applicable A S T M Specifications

Nomirel ﬂninuml Maximum "
] Flal Products | 9508
Copper 98.7 Remainder
Lead V. .05 Pipe
Iron NN e .10

Tin 1.3 10 1.7 Rod

Zinc 30 Shapes

Phosphorus N .03 35 Tube
Wire B10S

Fomuand'l’ompari Annagied Temgary Aolied or Orawn Tempars

Most Commonly Used

Eighths Hard (HOO)
Quurter Herd (HO1)
Hulf Hard (HOZ
Ewven Hord (HO8)
Bpring (HOB)

Strip, Rolled
Stnp, Drawn
Flat Wire, Rolled
Flat Wire, Drawn

FLAT
PRODUCTS Bar, Rolled

DAAWN-GENERAL PURPOSE (HS8) tempar by ueed
for geoaral parpose fube only, usmually where thers b
pe real requiremment oy high stength o7 bardnem on
the ons band oz for bending qualiries op the othem.

INDUSTRIAL:

C

HARD DRAWN (H8(0) temper bs mad
only where thare s nead for g tube as
berd or w mrong as b commercaly
faghbls for the e in question

LIGHT DRAWN-BENDING (H35) tmmper b
wsed only where » tude of some stifToem, but
yo1 copable of readily being bent (o1 otber-
wise moderstaly cold wozked) is needed,

Typical Usu

electrical contacty, flexible hose, pole-line hardware

Fabrication Pr

Blanking, forming and bending, heading and

upselting,

Capacity for Being Cold Worked
Capacity for Being Hot Formed .
Hot Forgeability Raling {Forging Brass = 100)
Hol Working Temperature. ..
Anncaling Temperature .. .. .. ..

1450-1600 F or 800-875 C
900-1200 F or 475-650 C
Muchinability Rating (Free Cutting Brass = 100) . . .

shearing, squeezing and swaging

Fabrication Properties

Excellent Suitabilily (or being joined by:

[ Soldering. . .. ... ... Ll Excellent

........ Brazing ...... ...... ...... - Excellent
Onxyacetylene Welding .. ......... .. .. Fair
Gas Shiclded Arc Welding. . ...... . Good

..... 20 Coated Me(al Arc Welding ... ............. Fair

Spot ...... . Not Recommended
Resistance Welding Seam........ Not Recommended
Butt ... ............ Excellent

1-15



1. COPPER AND SELECT COPPER ALLOYS: INTRODUCTION

Table 1.13. Nominal Composition, ASTM Specification for Forms, Commonly Used Forms and Tempers,
~ Typical Uses, and Fabrication Processes and Properties for C51000. From Reference 1.16, with

permission.

Composition — percant

Nearest Applicable A S T M Specifications
a Bolts F468
Flat Products B100, B103, B13$
Copper 948 Remainder Nuts F467
Lead R 05 Pipe .
kron .10 Rod BI3%
Tin 5 42 58 Screws | F4a68
Zinc - L 0 Shapes BI139
Phospharus 2 03 s Studs F468
Tube i
Wire BI159
Forms and Tempen Annoaied Tempers Rolied or Drmwn Tempers Hot
F Pinished |
Most Commonly Usad g g T
8 =
g g g 8 ] = g & 3 3§
————— 1 3 = §. z g g i § ] - !
] . z
SELEHEI R R R PR R R R AT
siggesd SEERRERRRIHRIE
. e ?e j : i
IR ER R R R IR
Stnp, Rolled
Strip, Drawn
Flat Wire, Rolled
FLAT Flat Wire, Drawn
PRODUCTS Bar, Rolled
Bar, Drawn
Sheel
Plate
ROD
- WIRE
5 TUBE
PIPE
SHAPES
DRAWN-GENERAL PURPOSE (HSH) teczper bs used HARD DRAWN (HA0) remper Is used LIGHT DRAWN-BENDING (H$3) temper b
: for gansral parposs tube oaly, usmly whers thers by only whars thers I nesd for & 1nbs & used only where a tubs of some suffoem, but
N po rea) requirgmem for bigh srwogth o1 hardnew oo hard of &3 stiong a3 18 commercially yei capable of readily being beat (or other-
"-‘ the ons bend or for bending qualities on the other feagbls for the sz I Question -hmodnm-wwld-ori.-d)h—dd‘
Typical Uses
ARCHITECTURAL:  bridge bearing plates

HARDWARE
INDUSTRIAL:

Blanking, drawing,

beater bary, bellows, Bourdon tubing, clutch disks, cotter pins, diaphragms, fuse chips,
fasteners, lock washers, slesve bushings, springy, switch parts, truss wire, wire brushes
chemical hardware, perforated shests, textile machinery, welding rods

> Fabri Pr

W

Capacity for Being Cold Worked .
Capacity for Being Hol Farmed . ,
Hot Forgeabilily Rating (Forging Brass
Hot Working Temperature
Annealing Temperature. . .. ... ..

Machinability Rating (Free Cutting Bra

forming and bending, heading and
roll ding and knurl heari i

Fabrication Properties
Excellenl Suilability for being jained by.
Soldering. .. ..
Brazing

Exceitent
Excellent

= 100)

e Onxyacetylene Weldig . . . Fair
900-1250F or 7. Gas Shielded Arc Welding . Good
s213100) ... .. 20 Coated Metsl Arc Welding .. Fair
Spot .. . Good

Retnistance Welding Seam . ... e Fair

Butt ... Excellent
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1. COPPER AND SELECT COPPER ALLOYS: INTRODUCTION

Table 1.14. Nominal Composition, ASTM Specification for Forms, Commonly Used Fohns and Tempers,

Typlcal Uses, and Fabrication Processes and Properties for C51100. From Reference 1.16, with
permission.

Compozition — percent

Nearest Applicable A S T M Specifications
MNominel Inmwmlﬂnmum
L
Copper 956 Remainder Flat Producis B100,B103

Lead BN A 08 Pipe

Iron - .. 10 Rod

Tin 42 35 49 . . Shapes

Zinc PN N 30 Tube

Phosphorus 2 .03 .35 Wire

FonmntidTomp.n Arnupiad Tempers Roled or Orawn Tempers Hon
Mort Commonly Used ' Finished |
Tompers
|Nominel Grein Gize s

Three Guarter Hard (MO3)
Drpamn — Gaversl Purposs (HES)

g8 ¢ s I3
BEEREE 4|z gz
HHUINIEEEREER IR
' YSEA LI RER R AR
Surip, Rolled |- - e e 0 ﬂ
Flat Wire, Rolled [ - - -
FLAT Flat We, Drawn | - - - oo
PRODUCTS Bar Rolled | - - v

Bar, Drawn f --- - -

DRAWN-GENERAL PURPOSE (H3E) tempa iy used
for penarsl porpose fube only, cmally whers thsre b
po ral requirerent for high arengih or bardnem on
the one hand o for bending quaBitiss on tw other.

HARD DRAWN (HE() temper ls used LIGHT DRAWK-BENDING (H35) tmnpe @
only where thare s nesd fo7 ¢ tube & wed only where & tube of some iffosss, but
had or ss suong a8 b commercially yot capsbl of readily being beni (o1 otha-
fasidle fo1 the cizs in Quesion. wise

Typical Uses
ARCHITECTURAL' bridge bearing plates
HARDWARE

beater bars, bellows, cutch disks, connectors, diaphragms, fase chps,
fasteners, lock washers, deeve bushings, springs, switch parts, terminals
INDUSTRIAL: chemical hardware, perforated theets, textile machinery

Common Fabrication Processss

Blanking, drawing, f ing and bending, roll threading snd knurling, shearing, stamping

Fabricatibn Properties

Capauty for Being Cold Worked . - . Excellent Suitability for being joined by:
Cupacity for Being Hot Formed ................ ... T Soldering ............. ..o Excellent
Hot Forgeahility Rating (Forging Braas = [00) . -~ . ........ Brazing ......... i Excellent
Hot Working Temperature . ............ For....... o Oxyacetylene Welding ... ................ Falr
Annedling Temperature - - ... .. 900-1250F or 475675 ¢ Gas Shielded Arc Welding. . . «............ Good
Muchinatility Rating (Free Cutting Brass= 1008)...... .. 20 Coated Metal Arc Welding. ................. Fair
SPOL v v v Good
Resistance Welding Seam- ... ..o Fair
Butt ...ovviia i Excellent



1. COPPER AND SELECT COPPER ALLOYS: INTRODUCTION

Table 1.15. Nomlnal Composition, ASTM Specification for Forms, Commonly Used Forms and Tempers,
Typlcal Uses, and Fabrication Processes and Properties for C52100. From Reference 1.16, with

permission.

Compaosition — percant

Nearest Applicable A S T M Specificstions
Nominsl Inlnuan
I Flst Products | B103
Copper 92 Remainder " +B139
‘ Lead e o .0 Pipe
Iron B . 10 Rod | B139
Tin 8 7.0 9.0
Zinc A .20 Shapes B13%
Phospharus .03 38 - Tube
Wire BI159
Forms and Tempers Asnasied Tumpen Rolied or Drewn Tempery ot
Mozt Commonly Used § _ | Finithan)
. I B | Tompen
g 1 z
[|Nomingl Grain Siae mm z g i g
. sl = = s _
_ g Egd ¢ fiEd|di
i BEIEEE-q1]: 3 ¢ A -
S HIHTIIRE R R ]
Bgagsd PREERER N 1 b3
18l H
SRR R R R R R R E R R R IR
Strip, Rolled § - --.o-ovvn v b e 9 -0-0 @ - .- )}
Strip, Drawn
Flat Wue Rolled
FLAT Flat Wue, Drawn
PRODUCTS Bar, Rolled
Bar, Dnawn
N PR R D e R R R TR PR PR RT R PR »
L DRAWN-GENERAL PURPOSE (HS®) temper b veed HARD DRAWN (H80) tamper Is used LIGHT DRAWN-BENDING (H35) tempa b
. for geosysl porposs (ubw only, umzlly whare there b only whars thare ks peed fay o fube o used only whers s rubs of mme stiffnem, but
#- 00 real reqtirement for bigh erength or haurdnem ca hard o1 a3 mroog &1 b commexclaly yot capabls of readily being bent (ar otber-
the ons band or for bemding qualitis on the otbm. fragbis far the site in question whe modsrately cold worked) ks needed.
Typicat Uses
(Same as {or Phosphor Bronze, 5% (A), but for more severe service conditions)
- ARCHITECTURAL"  bridge bearing platey
2 . HARDWARE: beater bary, bellows, Bourdon tubing, clutch disks, cotter
pins, di fuse clips, fi lock washers, aleeve
bushings, springs, switch parts, truss wire, wire brushes
INDUSTRIAL: chemical hardware, perforated sheets, textile machinery, welding rods

Common Fsbrication Processes

Blanking, drawing, forming snd bending, shearing, stamping

. Fabrication Properties

Capacity for Being Cold Worked .. ................ Good Suitability for being joined by .
Capacity for Being Hot Formed. ... ............... Poor Soldering. . . . . e e Excellent
Hot Forgesbility Rating (Forging Brass =100) . ........... Brazing ... ... Excellent
Hot Working Temperature, ............- For....... c Oxyacetylene Welding ... ... .o voinon Fair
Annealing Temperature ... ... .. 900-1250 F or 475-675 C Gas Shielded Arc Welding . - - ............. Good
Machunability Rating (Free Culting Brass = 100) ....... 20 Coated Metal Arc Welding « -« ovv e - Fair
SPOT .o ovvees e Good
Resistance Welding Seam. ... e Fair
BURL + o v neeane e Excellent



1. COPPER AND SELECT COPPER ALLOYS: INTRODUCTION

Composition — percent

Nominal Mininmml Maximum
1
Copper 90 Remainder
Lead R e .05
Iron L e 1o
Tin 10 9.0 11.0
Zinc .20
Phosphorus e .03 35
Forms and Tempers Annastad Tempers
Most Commonly Used
Nomems! Grain Bizs mm

060 (0S050)
035 (050385!

028|
M8 (0s01m)
Soft Annesi (080}
Light Annent {080}
Eigith Hard (HOO)

Quarter Hard [HO1)

Nearest Applicable AS T M Specifications

Flat Products | B103, BI39
Pipe
Rod | BI139
Shapes | B139
Tube
wire | Biss
Roliad or Drzum Teampery Hot
R
g 1 z
T Lol |
z 33 8 re 5
REREEREERIL 2 .
sy iii byl

Strip, Rolled
Strip, Drawn
Flat Wire, Rolled
Flat Wize, Drawn
Bar, Rolled

Bar, Drawn

FLAT
PRODUCTS

SHAPES

DRAWN-GENERAL PURPOSE (HSS) temper b usod
for geperal purposs tube only, usually where ‘there by
no real requirement for kigh strength o1 bhardness on
the one hand o1 for bending qualities on the other,

HARD DRAWN (HAQ) temper bs used
only where there b nood far a tube &
had or as mrong es s commercially
faagble for the gize in quesson

Typical Uses

LIGHT DRAWN-BENDING (H35) temper b
usd only where s tube of some filffnows, but
yeou capable of resdily being bent (or other-
wise modentely cold worked) b noeded.

Heavy bars and plates for severe compression, good wear and corro-
sion resistance; bridge and expansion plates and fittings; and articles
requiring extra spring qualilies, greatest resiliency, particularly in fatigue

Capaciy for Being Cold Worked
Capacity for Being Hot Formed. . . .
Hot Forgeabihty Rating (Forging Brass
Hot Working Temperature ., ....., .
Anneahng Temperature .

or . .. .C
.. 900-1250F or 475675 C

Common Fabrication Processes

Blanking, forming and bending, sheanng

Fabrication Properties

. Good Suitability for being joined by:
Poor Seldering. . ...l
...... Brazing ... ...l

Oxyacetylene Wetding
Gas Shielded Arc Welding

Machinability Rating (Free Cutling Brass=100) . .. . 20

1-19

Cuated Molal Are Wel
S|

Resistance Welding

Table 1.16. Nominal Composition, ASTM Specification for Forms, Commonly Used Forms and Tempers,
Typical Uses, and Fabricatlon Processes and Properties for C52400. From Reference 1.16, with
. permission.



1. COPPER AND SELECT COPPER ALLOYS: INTRODUCTION

Table 1.17. Standard Temper Designations fof Copper Alloy Flat Stock (adapted from References 1.3
and 1.22). . . ‘ .

Standard Designation Nominal Reduction in Reduction of Area
. Thickness by Rolling, % by Drawing, %
Quarter hard 1 21
Half hard 21 37
Three-quarters hard 29 —
Hard (full hard) | 3T 60
Extra hard 50 | 75
Spring ' T 60 ' 84
Extra Spring 68 90
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ward. Only linear and nonlinear, multivariate plied us with a bibliograp‘hy of over. 2250 refer-

regression analyses techniques, with equal ences related to properties of copper and select-
welghts for all data points, were employed. Stan-- ed copper alloys. The assistance of F. R. Fickett
dard deviations used In this review were calculat- Is gratefully acknowledged. Chris King, Luz
ed from all data points. The variance of the data Delgado, Rebecca Toevs-Wait, Grace Norman,
was assumed to be normally distributed and con- and Renee Deal expertly assisted us-in prepara-
stant throughout the range of the Independent tion of the manuscript and data analysls. Bl
variables, such as temperature or cold work. Bulla, until replaced by computer graphics, care-

‘ fully drafted many of the figures for the copper
ACKNOWLEDGMENTS and berylllum-copper sections. We appreciate

: ‘ the efforts of G. A. Cypher and W. H. Dresher of
William T. Black of the Copper Data Center ~ ' ICA, Ltd., to make funding availabie for the prepa-

(Copper Development Assoclation) kindly sup- ration of this monograph.
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2. OXYGEN-FREE COPPER: TENSILE PROPERTIES

C10100-C10700: Annealed

Tensile Yield Strength vs.
Grain Size (295 K)

DATA SOURCES AND ANALYSIS

A set of 48 measurements of tensile yield
strength at 295 K was selected for analysis be-
cause grain slze and Impurity content were re-
ported. Graln size, d, ranged from 0.056 to 320

pm; Impurity content, [I], from 0.001 to 0.10 wt%.
Products were In plate, bar, and wire form. This

- data set (References 2.1—2.13) was used in re-
gression analysis of tensile yield strength (o)
upon the two variables d and [l).

RESULTS

No significant dependence of o, upon [I]
was observed, perhaps owing to Inconsistencies
In the way this quantity was measured and report-
ed. :

The regression equation found for the de-
pendence of o, upon d at 295 K was the usual
Hall-Petch relation:

o, =186 + 112d"?
(2-1)
(S.D. = 11 MPa),

where o, is in MPa and d is in um. The standard
deviations of the two coefficients were 1.7 and 2.
Table 2.1 presents the measured values of.
a,, the values of o, calculated from the regression
equation, o', d, and the reference numbers.

The avallable characterization of materials and
measurements is given in Table 2.10 at the end of
the tensile properties section.

' Figure 2.1 Indicates the fit of the data to
Equation (2-1). Figure 2.2 depicts the same re-
gression equation with expanded scales to show
that the equation Is a good fit to the data whether
the two measurements on specimens with very
small grain sizes (Reference 2.10) are included or
not. Figure 2.3 presents these results In sum-
mary form. In all three figures, the scatter bands
‘represent two standard deviations about the re-
gression lines. The variance of the data about
the regression line was assumed to be normally
distributed and constant throughout the range of
the Independent variable, 2.

DISCUSSION

The coefficient of the o' term in Equation

(2-1) is very dependent upon the data set that is
used for the regresslon analysls. Coefficients
differing by much more than twice this standard

. deviation have been obtained from data sets

- comprising a smaller range of d. A small tem-
perature dependence was also observed In the:
d'” coefficient (see page 2-6). At present, the
uncertainty In this coefficlent is considered to be
much larger than the two standard deviations
obtained from the present analysis.

Table 2.1. Yield Strength Dependence on Grain Size (295 K).

Yield Strength, Yield Strength, (Grain Size);/z, Grain Size, | Reference
Measured, Calculated, 10° m™” gm No.
MPa MPa

30.4 . 248 0.0559 320 | 8
29.1 25.8 0.0645 240 8
21.9 26.7 0.0725 190 9
29.5 26.7 0.0725 190 9
19.6 26.7 0.0725 180 9
20.8 26.7 0.0725 180 9
25.0 26.7 0.0725 180 9
10.3 27.3 0.0778 165 2
14.8 27.7 0.0816 150 12
25.4 27.9 0.083 145 1
15.0 30.1 0.103 g5 2
23.0 311 0.112 80 5
31.8 31.1 0.192 ‘80 11
37 33.4 0.132 57 8




2. OXYGEN-FREE COPPER: TENSILE PROPERTIES

C10100—C10700: Annealed

Tensile Yield Strength vs.
Grain Size (295 K)

Table 2.1, continued

Yield Strength, Yield Strength, (Grain Size '1’2. Grain Size, | Reference
Measured, Calculated, 10°m™ um No.
MPa MPa
333 34.4 0.141 S0 8
34.2 4.4 0.141 S0 8
37.0 35.1 0.147 46 8
62.0 5.3 0.149 45 - 7
27.0 35.9 0.154 |. 42 13
32,1 35.9 0.154 42 13
27.3 35.9 0.154 42 13
35.4 35.9 0.154 42 13
24.0 36.3 0.158 40 12
32.2 36.5 0.16 39 8
33.0 a7 0.171 34 9
34.8 37.8 0.171 34 9
47.3 37.8 0.171 34 9
33.9 378 0.171 34 9
36.1 a7.8 0.171 34 9
38.2 38.1 0.174 33 G
37.6 38.4 0.177 32 8
40.6 B 384 0.177 32 8
50.0 39.1 0.183 30 7
37.8 38.1 0.183 30 8
24.0 39.8 0.189 26 2
50.7 40.6 0.196 26 8
52.0 41.0 0.2 25 1
69.0 43.7 0.224 20 6
39.2 437 0.224 20 1
34.5 45.8 0.243 17 2
40.0 476 0.258 15 12
58.0 50.3 0.283 12,5 k]
90.0 52.4 0.302 1 4
73.4 57.3 0.345 8.4 10
63.0 61.3 0.381 6.9 12
78.8 79.5 0.542 3.4 12
434 423 3.6 0.077 10
481 493 4.23 0.056 10




2. OXYGEN-FREE COPPER: TENSILE PROPERTIES

€10100—C10700: Annealed : Tensile Yield Strength vs.
‘ Grain Size (295 K)

500 ‘ ' ‘ /

295K

300 : j
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o
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o
o
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/

20

TENSILE YIELD STRENGTH, MPa

TENSILE YIELD STRENGTH, ksi

0
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- b b
N -0
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00 - 1.5 3.0 4.5 °

INVERSE SQUARE ROOT OF GRAIN SIZE, d™/2 ( 1o m)™2

Figure 2.1. The data shown were used to compute the linear regression of tensile yield strength at
295 K upon ' [Equation (2-1)]. For clarity, overlapping data points are omitted from the figure,
including all points from Reference 2.13. All data are-presented in Table 2.1. Products were in
plate, bar, and wire form.



2. OXYGEN-FREE COPPER: TENSILE PROPERTIES

C10100—C10700: Annealed Tensile Yield Strength vs.
Grain Size (295 K)

200 1

°

o] .

295 K m REF.
: [m]
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TENSILE YIELD STRENGTH, MPa
TENSILE YIELD STRENGTH, ksi

S
o

AN

o] 0

0 0.2 | 0.4 0.6
INVERSE SQUARE ROOT OF GRAIN SIZE, d*2, (. m)™2

Figure 2.2. This figure shows the data for the larger grain sizes presented In Figure 2.1. Owing to the
expanded scales, the slope appears changed, but the equation represented by the line is the same
as that depicted in Figure 2.1. For clarity, overlapping data points are omitted from the figure. All
data are presented in Table 2.1. Products were In plate, bar, and wire form.
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2. OXYGEN-FREE COPPER: TENSILE PROPERTIES

C10100—C10700: Annealed Tensile Yield Strength vs.
Grain Size (295 K)

200
295 K
' 425
160
—20
120

80

40

TENSILE YIELD STRENGTH, MPa
TENSILE YIELD STRENGTH, ksi

0 —0

0 0.2 0.4 0.6
INVERSE SQUARE ROOT OF GRAIN SIZE, d™"2, ( m) "2

. Figure 2.3. Tensile yield strength dependence upon grain size at 295 K. The scatter band represents
two standard deviations about a regression line based upon 48 measurements for a range of grain
size, d, from 0.056 to 320 um. The regresslon equation is

~ o, (MPa) = 186 + 1120 (@ in pm) (S.D. = 11 MPa).

Regression analysis of this set of data for impurity content indicated no significant dependence.
Products were in plate, bar, and wire form.
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2. OXYGEN-FREE COPPER: TENSILE PROPERTIES

C10100—C10700: Annealed

Tensile Yield Strength vs.
Grain Size, Impurity (4—300 K)

-

DATA SOURCES AND ANALYSIS

= A set of 84 measurements of tensile yleld
strength from 4 to 300 K was selected for analysis
because grain size and impurity content were re-

ported. Grain size, d, ranged from 11 to 165 pm;

impurity content, [l], from 0.0053 to 0.10 wt%.
Products were in plate, bar, and wire form. This
data-set (References 2.1—2.6 and 2.13—2.14) was
. used in regression analysis of tensile yield
strength (o,) upon three variables, temperature
(M. d, and [I] Data on the variation of o,

with silver content are presented on pages 2-20
and 2-21 (cold-worked copper).

RESULTS

Regression analysis indicated that the best
fit to the data was obtained with a linear depen-
dence of o, upon the three variables of T, the
inverse square root of the grain size, d’ 1’2, and [I]

o, = —8.60 — 0.0329T + 2924 + 150[]
(5.D. = 9 MPa),

where o is in MPa, 4 K< T <300 K, dIS in um
and [I] ls in wt%. The standard deviations of the
four coefficients are 3.56, 0.0105, 20, and 67.

"*Table 2.2 presents the measured values of

o, the values calculated from the regression
equation, the temperature, 2, and the reference
number. The available characterlzatlon of materi-
ials and measurements is given in Table 2.10 at
the end of the tensile properties section.

"~ -Figures 2.4—2.6 present the data as a func-
tion -of each variable, T, d, and {I], separately.
Figure 2.4 depicts the data as a function of T
.only, without showing the dependence upon d
and’ H Figure 2.5 depicts the data as a function
of d_.“ only, without showing the dependence
upon T and [i]. Figure 2.6 depicts the data as a
function of [I] only, without showing the depen-
dence upon T and d. It is clear from the large

amount of scatter in Figures 2.4-2.6 that separate
regression equations for o, as a function of each

- variable, 7, d"'”%, and [I], would not be of much

value. However, when multivariate regression Is
used to analyze the data set, a relatively small
standard deviation of 9 MPa is obtained.

Figure 2.7 indicates the fit of the data to the
multivariate regression expression, Equation (2-2).
The scatter band represents two standard devia-
tions about the line that corresponds. to complete
agreement between measured and predicted val-
ues of o,. The variance of the data was assumed
to be normally distributed and constant through-
out the range of the predicted values.

- DISCUSSION

(2-2) '

The T dependence of o, in Equation (2-2) is
small, as expected, and the coefficient for [I] has
a sizeable uncertainty owing to the restricted
range of this variable in the data available. Also,
[I] was not determined and reported consistently
in all the references.

The disagreement between the coefficient
for @' and that determined from the 295-K .
measurements [Equation (2-1)] requires further
study. This coefficient can change considerably
with the addition or subtraction of a few influential
points of the data set. The previous set of meas-
urements at 295 K (d from 0.056 to 320 sm) in-
cluded the measurements from 293 to 300 K of
this set (d from 11 to 165 um). Separate analy-
ses of 4-K, 77-K, and 295-K data from the present
set of 84 measurements gave d ? coefficients of
352, 343, and 268, respectively. However, this T
dependence of the 0”2 coefficient is not large
enough to explain the difference between Equa-
tions (2-1) and (2-2). At present, the 295-K coeffi-

- cient (112) is considered the most accurate be-

26

cause it was obtained over the largest range of d.
Since the extension of the range resulted mainly
from work carried out at one laboratory (Refer-
ence 2.10), further studies would help resolve this
question.

.
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C10100—C10700: Annealed

2. OXYGEN-FREE COPPER: TENSILE PROPERTIES

Tensile Yield Strength vs.
Grain Size, Impurity (4300 K)

Table 2.2. Yield Strength Dependence on Grain Size, and Purity (4—300 K).

Yield Strength, | Yield Strength, Test (Grain Slze);n. impurity, Reference
Measured, Calculated, Temperature, 10°m? wi% No.
MPa MPa K
30.5 ) 4 0.112 0.05 5
38.6 37.8 4 0.154 0.01 13
35.9 7.8 4 0.154 0.01 13
3.4 ar.8 4 0.154 0.01 13
29.9 37.8 4 0.154 0.01 13
36.9 37.8 4 0.154 0.01 13
32.2 7.8 4 0.154 0.01 13
35.6 az.8 4 0.154 0.09 13
38.7 32.4 4 0,137 0.0068 14
100 80.1 4 0.302 0.0053 4
28.6 17.4 5 0.0845 0.01 13
31.9 37.6 11 0.154 0.01 13
32.9 37.5 14 0.154 0.01 13
96.0 79.6 20 0.302 0.0053 4
36.1 37.3 21 0.154 0.01 13
35.4 37.3 21 0.154 0.0 13
28.8 37.2 23 0.154 0.01 13
31.3 6.9 3 0.154 0,01 13
34.9 36.9 3 . 0.154 0.01 13
35.2 36.9 33 0.154 0.01 13
36.7 36.8 3% 0.154 0.01 .13
30.7 36.6 40 0.154 0.01 13
34.7 36.6 40 0.154 0.01 13
35.1 36.6 40 0.154 0.01 13
343 36.5 45 0.154 0.0 13
3.5 36.5 45 0.154 0.01 13
0.9 36.3 49 0.154 0.01 13
36.6 36.3 50 0.154 0.01 13
33.1 36.3 50 0.154 0.01 13
34.5 36.3 50 0.154 0.01 13
37.0 36.2 54 0.154 0.01 13
35.3 36.1 55 0.154 0.01 13
35.6 36.0 59 0.154 0.01 13
34.4 36.0 60 0.154 0.01 13
30.5 28.1 76 0.112 0.05 5
36.1 35.4 76 0.154 0.01 13
30.2 35.4 76 0.154 0.01 13
35.2 35.4 76 0.154 0.01 13
34.6 35.4 76 0.154 0.01 13
28.1 16.5 76 0.0894 0.01 13
100.0 77.7 76 0.302 0.0053 4
83.0 69.2 . 77 0.224 0.1 6
35.7 30.0 77 0.137 0.0068 14
41.2 30.0 7 0.137 0.0068 14
38.6 30.0 77 0.137 0.0068 14
59.0 48.7 78 0.2 0.01 1
73.8 73.6 78 0.263 0.015 3
39.4 62.2 90 0.243 0.02 2
117 14.2 90 0.0778 0.02 2
32.5 34.7 98 0.154 0.01 13
346 347 100 0.154 0.01 13
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2. OXYGEN-FREE COPPER: TENSILE PROPERTIES

) C10100—C10700: Annealed

Tensile Yield Strength vs.
Grain Size, Impurity (4—300 K)

Table 2.2, continued

Yield Strength, | Yield Strength, Test (Grain Size);m.— impurity, | Reference
Measured, Calculated, Temperature, 10°m™" wi% No.
MPa MPa K

3s.1 346 101 0.154 0.01 13
30.2 34.3 110 0,154 0.01 13
59.0 46.9 133 0.2 0.01 1
30,0 33.3 140 0.154 0.01 13
34,0 33.2 145 0.154 0.01 13
293 33.0 150 0.154 0.01 13
4.8 330 150 0.154 0.01 13 -
38.4 60.2 153 0.243 0,02 2
11.4 12.1 153 0.0778 0.02 2
37.9 59,2 183 0.243 0.02 2
10.9 1.1 183 0.0778 0.02 2
34.5 316 . 193 0.154 0.01 13
57.0 44.9 194 0.2 0.01 1
77.2 69.8 195 0.283 0.015 3
313 31.4 198 0.154 0.01 13
36.6 58,2 213 0.243 0.02 2
55.0 43.3 243 0.2 0.01 1
35.6 §7.2 243 0.243 0.02 2
3.2 29.7 250 0.154 0.01 13
69.0 62.1 293 0.224 0.1 [
58.0 6.5 293 0.283 - 0.015 3
23,0 21.8 295 0.112 0.05 " | 5
35.4 28.2 295 0.154 0.01 13
213 28.2 295 0.154 0.01 13
2.1 28.2 295 0.154 0.01 13
27.0 28.2 295 0.154 - 0.01 13
25.4 7.4 295 0.083 0.0t 13
34.5 - 55.5 295 0.243 0.02 2

e 10.3 7.4 295 0.0778 0.02 2
15.0 14.6 295 0.103 0.02 2
24,0 . 39.9 295 .0.189 0.02 2
52.0 415 - 296 0.2 0.01 1
90.0 70.3 300 0,302 0.0053 4

2.8
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2. OXYGEN-FREE COPPER: TENSILE PROPERTIES

C10100—-C10700: Annealed ‘ . Tensile Yield Strength vs.
' ' Grain Size, Impurity (4—300 K)
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Figure 2.4. The data are shown as a function of temperature. The variation In grain size and impurity
.content obscures the dependence of tensile yield strength upon temperature that is given in '
Equation (2-2). For clarity, overlapping data points, including all points from Reference 2.5, are
omitted from the figure. All data are presented in Table 2.2. Products were in plate, bar, and wire
form. ‘



' 2. OXYGEN-FREE COPPER: TENSILE PROPEF?TIES

C10100—C107OO Annealed . ‘ Tensile Yield Strength vs.
Grain Size, Impurity (4—300 K)
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Figure 2.5. The data are shown as a function of the Inverse square root of grain size (@'?). The
.variation In temperature and impurity content obscures the dependence of tensile yield strength
- upon d'? that Is given in Equation (2-2). For clarity, overlapping data points are omitted from the
figure. All data are presented in Table 2.2. . Products were in plate, bar, and wire form.
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2. OXYGEN-FREE COPPER: TENSILE PROPERTIES

C10100-C10700: Annealed ‘ Tensile Yield Strength vs.
‘ Grain Size, Impurity (4—300 K)
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Figure 2.6. The data are shown as a function of impurity content. The variation in temperature and
grain size obscures the dependence of tensile yield strength upon impurity content that is given in
Equation (2-2). For clarity, overlapping data points are omitted from the figure. All data are
presented in Table 2.2. Products were In plate, bar, and wire form. .
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2. OXYGEN-FREE COPPER: TENSILE PROPERTIES

C10700—C10700: Annealed \ Tensile Yield Strength vs.
Grain Size, impurity (4—300 K)
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Figure 2.7. The data shown were used to compute the linear regression of tenslle yield strength upon
temperature, the inverse square root of the grain size, and Impurity content [Equation (2-2)]. For
clarity, overlapping data points are omitted from the figure. All data are presented in Table 2.2.
Products were In plate, bar, and wire form.
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2. OXYGEN-FREE COPPER: TENSILE PROPERTIES

C10100—C10700: Cold-worked

Tensile Yield Strength
vs. Cold Work (295 K)

DATA SOURCES AND ANALYSIS

A set of 204 measurements of tensile yield
. strength at 295 K was selected for analysis.

Measurements were obtained from References
2.1-2.13 and 2.15-2.32. Products were In plate,
bar, and wire form. In most cases, the actual
percent reduction of thickness or area was speci-
fled, but in a few instances the percent reduction
was obtained from standard tables of temper

equation, CW (reduction of thickness or area),
and the reference number: The available charac-
terization of materials and measurements is given
in Table 2.10 at the end of the tensile properties

~ section. -

designation (see Table 1.17). The amount of cold

work ranged up to 90%. Initially, data from rolled
and drawn specimens were analyzed separately,
but the regression coefficlents were nearly the
same, so all data were combined. Polynomial
terms were included in the regression analysis
because the dependence of tensile yield strength,
a,, upon cold work, CW, is linear only for small
amounts of CW. ‘

RESULTS

The regression equation for the dependence
of o, upon CW of less than 4% was found to be

o, = 63.5 + 10.1(CW) - 0.0798(CW)?
\ " (2-3)
(S.D. = 42 MPa),

where o, Is in MPa, and CW is the percent of re-
duction of thickness or area. The standard devia-
tions of the three coefficients are 4.4, 0.4, and
0.0048. A constant value of 384 MPa was used
to represent o, for CW > 64%. '

Table 2.3 presents the measured values of
a,, the values of o, calculated from the regression

Figure 2.8 indicates the fit of the data to the
combination of Equation (2-3) and a constant.
Figure 2.9 presents these results in summary
form. The scatter bands represent two standard
devlations about the curves in Figures 2.8 and
2.9. The variance of the data about the curve
was assumed to be normally distributed and con-
stant throughout the range of the independent
variable, CW, except that it was reduced to a
smaller value for 0% CW, because o, for 0% CW
is known to a higher accuracy (S.D. = 20 MPa).

DISCUSSION

Some of the data from Reference 2.17 fall
outside the scatter band (Figure 2.8). The copper
in these specimens is of very high purity; hence,
some recovery may have occurred before the
measurements were completed. These data were
included to assist those who may require cold-,
worked copper of comparable purity. Variation in
grain size also contributes to the scatter of the
data; since grain size often was not reported in
this data set, it could not be included In the re-
gression analysis. For small amounts. of CW,
grain size may influence o, more than the degree
of CW; an estimate may be obtained from Equa-
tion (2-1).

Table 2.3. Yield Strength Dependence on Cold Work (295 K).

Yield Strength, | Yield Strength, | Cold Work, Reference
Measured, Calculated, % No.
MPa MPa

90.0 63.5 0 4

23.0 63.5 0 7

69.0 63.5 [} 6

52.0 63.5 0 1

- 345 63.5 0 2

10.3 63.5 0 2

. 15.0 63.5 0 2

24.0 63.5 ] 2

2-13



2. OXYGEN-FREE COPPER: TENSILE PROPERTIES

C10100—C10700: Cold-worked

e

Tensile Yield Strength
vs. Cold Work (295 K)

Table 2.3, continued

Yield Strength, | Yield Strength, | Cold Work, Reference
Measured, Caleulated, %
L MPa MPa .
- ‘ 58.0 63.5 ] 3
27.0 63.5 0 13
321 63.5 0 13
25.4 63.5 0 13
27.3 63.5 0 13
35.4 63.5 "0 13
50.0 63.5 0 7
62.0 63.5 0 7
291 63.5 0 8
30.4 63.5 0 8
33.3 ~63.5 0 8
34.2 63.5 0 8
7 63.5 0 8
32.2 3.5 0 8
37.8 63.5 0 8
50.7 63.5 0 8
37.8 63.5 0 8
37.6 63.5 0 8
38.2 63.5 0 8
40.6 63.5 0 9
33.0 63.5 0 9
34.8 63.5 0 9’
47.3 63.5 0 9
33.9 63.5 ] 9
36.1 63.5 0 9
21.9 63.5 0 9
- 29.5 63.5 0 9
- 19.6 63.5 0 9
20.8 63.5 [} 9
25.0 63.5 0 9
73.4 63.5 0 10
39.2 63.5 0 11
31.8 63.5 0 1
j 78.8 63.5 0 12
40.0 63.5 0 12
14.8 63.5 0 12
63.0 63.5 0 12
B 24.0 63.5 0 12
73.5 63.5 0 20
84.1 63.5 0 20
46.0 63.5 0 30
43.0° 63.5 o] 30
31.0 63.5 0 3
80.0 .63.5 0 21
54.0 63.5 0 22
82.7 63.5 0 2
45.0 63.5 0 23
34.0 63.5 0 24
45.0 63.5 0 25
48.0 3.5 0 25
62.0 63.5 0 25
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2. OXYGEN-FREE COPPER: TENSILE PROPERTIES

C10100—C10700: Cold-worked Tensile Yield Strength
‘ ’ : vs. Cold Work (295 K) -

Table 2.3, continued

Yield Strength, | Yield Strength, | Cold Work, Reference
Measured, Calculated, % No..
MPa MPa '

50.0 63.5 0 25

44.0 83.5 0 27

59.0 63.5 0 27

52.0 , 63.5 0 29

51.7 63.5 0 32

52.3 3.5 0 32

67.0 63.5 0 20

410 D 0 18 ’

86.2 63.5 0 18

103 63.5 0 18

75.6 63.5 0 18

40.0 63.5 0 7 )
106 736 1 22 N
13 83.5 2 27

137 97.0 3.4 7

130 -~ 103 4 27 N
101 112 5 28 -
103 12 5 28 .
107 112 5 28

707 2 5 28 '
101 112 5 28

153 121 6 19 .

228 121 6 22 o

184 ”n 6 27 )
194 125 6.4 27

189 130 7 27

196 139 8 27

203 144 8.5 25

205 144 8.5 25

173 148 9 32

174 148 ) 32

220 152 9.4 27

230 152 ‘ 9.4 27 ‘ .
228 155 9.8 27 ' e
209 157 10 19
208 157 10 30

208 157 10 0

208 157 10 27 ' ‘ . ~,

188 165 " 20 ! =

331 165 E 18 ~
207 165 T 18 )
231 165 T 18

185 165 1 18 ) -
175 220 18 17 B

242 225 19 32

247 225 19 32

260 234 20 23 )
295 234 20 28

307 234 20 28

296 234 20 28

304 238 21 25
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2. OXYGEN-FREE COPPER: TENSILE PROPERTIES

C 10_100—C 10700: Cold-worked

Tensile Yield Strength
vs. Cold Work (295 K)

Table 2.3, continued

Yield Strength, | Yield Strength, | Cold Work, | Reference
Measured, Calculated, % No.
MPa MPa
314 238 21 25
359 239 21 18
252 239 21 18
.. 296 239 21 18
252 239 21 18
147 241 21 31
275 241 21 ]
268 241 2 5
269 267 25 19
259 267 25 19
269 267 25 30
259 267 25 0
2a7 230 29 2
2686 290 29 32
338 291 29 2
365 292 29 18
279 292 29 18
334 292 29 18
290 292 28 18
316 295 30 28
34 295 30 28
321 235 30 28
190 235 30 17
194 301 31 20
310 315 34. 21
323 325 36 24
324 329 7 31
_ 342 329 37 5
M2 329 7 5
. 283 329 37 29
393 329 a7 25
396 329 37 25 '
a2 330 a7 18
303 330 37 18
355 330 37 18
314 330 37 18
. 313 337 ag 3z
- N7 337 39 32
. 347 341 40 19
. 338 341 40 19
334 341 40 21
M1 M1 40 28
340 341 40 28
205 347 40 28
376 354 4 17
321 354 44 18
369 354 44 19
324 354 44 18
330 363 47 18
334 366 48 23
337 366 48 32
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2. OXYGEN-FREE COPPER: TENSILE PROPERTIES

C10100—C10700: Cold-worked . Tensile Yield Strength
' : vs. Cold Work (295 K)

Table 2.3, continued

Yield Strength, | Yield Strength, | Cold Work, | Reference
Measured, Calculated, % No.
MPa MPa
- 325 370 50 32

327 370 50 19
326 370 50 30
379 370 50 30
334 370 50 18
372 370 50 18
3N 370 50 18
379 380 56 18
341 380 56 18
372 380 56 18
338 380 56 18
355 383 59 32
363 383 59 .32
323 384 60 16 -
316 384 80 15
393 384 67 18 -
352 384 61 18 -
376 384 61 18 e
s 384 61 18 -
366 384 65 18
362 . 384 65 18 !
379 384 85 18 o
352 384 65 18 -
350 384 66 23
390 364 69 18 -
372 364 69 18
383 384 69 18
355 384 69 18
345 384 70 21
305 384 70 17
372 384 73 32
381 384 73 32
s 384 75 19
380 384 76 32
386 384 76 32
370 394 78 23
350 384 80 17
341 384 84 22
455 384 84 25
453 384 84 - 25 -
389 384 89 32
389 384 89 32
405 384 90 17

217



2. OXYGEN-FREE COPPER: TENSILE PROPERTIES

C10100-C10700: Cold-worked ‘ Tensile Yield Strength
o vs. Cold Work (295 K)

500

295 K / b

‘ —60
400 / : -

300

o REF. 5
+ REF. 12 \ —40

: ® REF. 15
m REF. 17

/ / O REF. 18 _
T 4 REF. 19 n

® A REF. 20
= o REF. 21
v REF. 22

v REF. 23 —20
» REF. 24
> REF. 25
< REF. 26
< REF. 27
© REF. 28 ]
4 REF. 29
g REF. 30
o REF. 32
. L ' o
20 40 60 80 100

COLD WORK, percent

200

TENSILE YIELD STRENGTH, MPa
TENSILE YIELD STRENGTH, ksi

100

- ik

Figure 2.8. The data shown were used to compute the linear regression curve of tensile yield strength at
295 K upon cold work [Equation (2-3)]. For clarity, all data points from References 2.1-2.4,
2.6-2.11, 2.13, 2.16, and 2.31 and were omitted from the plot and overlapping data points from
other references were also omitted. All data are presented in Table 2.3. Products were in plate,
‘bar, and wire form.
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2. OXYGEN-FREE COPPER: TENSILE PROPERTIES

C10100-C10700: Cold-worked Tensile Yield Strength
' vs. Cold Work (295 K)
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Figure 2.9. Tenslle yleld strength dependence upon cold work at 295 K. The scatter band represents
two standard deviations about a second-order regression curve based upon 204 measurements of
yleld strength for a range of cold work from 0 to 90%. The regression equation Is

o, (MPa) = 63.5 + 10.1(CW) — 0.0798(CW)? : (CW <64%) (S.D. = 42 MPa),

a, (MPa) = 384 | | (CW > 64%),

where (CW) is the percent of cold work (reduction of thickness or area). Products were in plate,
bar, and wire form. ‘ :
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2. OXYGEN-FREE COPPER: TENSILE PROPERTIES

C10100—C10700: Cold-worked

Tensile Yield Strength vs.
Cold Work, [Ag] (295 K)

DATA SOURCES AND ANALYSIS

Figure 2.10 presents data from References
2.28, 2.33, and 2.34 on cold-worked coppers of
different sitver content. These are the only data
avdilable to estimate the variation in tensile yield
strength, o, with silver content, [Ag]. The mean
reported values for the 0.2%-offset o, are shown
in Figure 2.10. The available characterization of
materlals and measurements is given in Table
2.10 at.the end of the tenslle properties section.
Measurements reported.in Reference 2.28 were
taken on square wire of initial dimensions (before
rolling) of 0.63 cm x 0.63 cm. The thickness of
the 40% cold-rolled plate used for the measure-
ments reported in Reference 2.33 was 1.3 cm, but
specimen thickness was 0.63 cm. This was the
only material that was cold worked by a manufac-
turer. Plate thickness before rolling was 1.3 cm
for the specimens used in the measurements
reported in Reference 2.34.

RESULTS

As [Ag] is Increased up to 0.085 wt%, the
variation in o, Is about 10%, for a given level of
cold work. This estimate of the variation is based
upon measurements of o, reported from different
laboratories over a range of [Ag] values. How-

2-20

ever, a variation of 5% was reported in Reference
2.33 for different measurements of o, (at 0.5%
strain) on the same heat of C10700 at one labora-
tory. Therefore, part of the 10% variation of o,
observed when [Ag] ranges within the C10100 to
C10700 specifications may simply be due to lack
of reproducibility. The improvement in o, with
cold work saturates at about 40 to 50% for all
values of [Ag].

DISCUSSION

Ornstein (Reference 2.59) reported an in-
crease of 2% from 310 to about 317 MPa In o, as
[Ag] was increased from 0.03 wt% (C10400,
C10500) t0'0.85 wt% (C10700). Actual data
points were not given, and the method of mea-
suring o, was not specified. Specimens were
cold.worked 50%.

Although increases in [Ag] in the range
considered here do not affect the tenslle proper-
ties appreciably, Increased resistance to creep
has been reported for similar increases in [Ag]
(see Reference 2.28 and the section on creep in
this publication.) However, this effect has been
studied only at temperatures above 573 K and it
is not known whether the same mechanisms
control creep in the cryogenic temperature range.



2. OXYGEN-FREE COPPER: TENSILE PROPERTIES

C10100—-C10700: Cold-worked : Tensile Yield Strength vs.
Cold Work, [Ag] (295 K)
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Figure 2.10. These data Indicate that the yield strength of cold-worked copper Is not strongly dependent
on silver content. (Silver content Is unspecified for C10100, > 0.027 wt% for C10400, > 0.034 wi%
for C10500, and > 0.085 wt% for C10700.) Products were in plate (References 2.33 and 2. 34) and
wire-bar form (Reference 2.28).
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2. OXYGEN-FREE COPPER: TENSILE PROPERTIES

C10100—C10700: Cold-worked

Tensile Yield Strength vs.
Cold Work (4-300 K)

DATA SOURCES AND ANALYSIS

A set of 74 measurements of tenslile yield
strength from 4 to 300 K was selected for analy-
sls.. Products were In plate, bar, and sheet form.
In most cases, the actual percent reduction of
thickness or area was specified, but in a few
instances, the percent reduction was obtained
from standard tables of temper designation (see
Table 1.17). The amount of cold work, CW, (re-
duction of thickness or area) ranged up to 60%.
Regression coefficlents at 295 K were Insensitive
to the type of CW; hence, data for all methods of
CW were comblined. This data set (References
2.5, 2.15-2.16, 2.19, and 2.35-2. 37) was used in
regresslon analysis of tensile yield strength (o y)
upon temperature (T) and CW. Because of the
nonlinear dependence of o, upon CW, polynomial
terms were Included in the analysis.

RESULTS

Regression analysis indicated that the best
fit to the data was obtained with the follownng
equation:

= 124 — 0.241T + 14.1(CW) — 0.166(CW)?
(24)
- - (8.D. = 32 MPa),

where o Is In MPa, 4 K < T <300 K, and CW is in

Figure 2.11 deplcts the data as a function of
T only, for all levels of CW. Figure 2.12 depicts

~ the data as a function of CW only, without show-

ing the T dependence. It is evident from the
large amount of scatter in Figures 2.11 and 2.12
that separate regresslon equations for o,asa
function of each variable, T and CW, would not
be of much value. However, when multivariate
regression s use to analyze the data set, a rela-
tively small standard deviation of 32 MPa is ob-
tained. Figure 2.13 presents recent measure-

ments at 4, 76, and 295 K on C10400 plate, which *

percent. The standard devlations of the four coef-

ficients are 9, 0.035, 0.7, and 0.011.

. Table 2.4 presents the measured values of
o,..the values calculated from the regression
equation, the temperature, CW, and the reference
number. The available characterization of materi-

- als and measurements is given in Table 2.10 at

the“end of the tensile propertles section.

show the variation In o, with both T and CW.
(These data were not avallable when the regres-
sion analysis was carried out.)

Figure 2.14 indicates the fit of the data set to
Equation (2-4). The scatter band represents two
standard deviations about the line that corre-
sponds to complete agreement between meas-
ured and predicted values of o,. The variance of
the data was assumed to be normally distributed
and constant throughout the range of the predict-
ed values.

DISCUSSION -

The T dependence for cold-worked material
is, as expected, larger than that of the annealed
material; in Equation (2-2), the T coefficient Is
0.0329. A second-order term is necessary to fit
the observed dependence of o, upon CW: this
dependence tends to saturate, as shown in Fig-
ure 2.12, in which the smaller T dependence is
neglected and the data are plotted as a function
of CW only. The agreement between the coeffi-
cients of CW dependence with those obtained at
295 K [Equation (2-3)] is satisfactory because
the data were obtained from a wide variety of
sources. ‘

Tabié 2.4. Yield Strength Dependence on Cold Work (4-300 K).

Yield Strength, | Yield Strength, Test - Cold Work, Reference
Measured, " Calculated, Temperature, % No.
MPa MPa K
404 394 4 60 16
30.5 123 4 -0 5
432 431 4 37 5
431 431 .4 37 5
326 353 4 2 5
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2. OXYGEN-FREE COPPER: TENSILE PROPERTIES

C10100—C10700: Cold-worked

. Tensile Yield Strength vs.
Cold Work (4300 K)

Table 2.4, continued

Yield Strength, | Yield Strength, Test Cold Work, Reference
Measured, Caiculated, Temperature, % No.
MPa MPa K ‘
331 353 4 21 5
$0.0 123 4 0 35
315 191 4 5 35
325 251 4 10 5
3ars 302 4 15 35
425 381 4 25 35
465 431 4 50 35
427 427 20 a7 36
441 427 20 37 3%
404 3%0 20 60 16
207 251 72 12 37
407 413 76 a7 3%
421 413 76 a7 3%
375 ar? 76 60 16
30.5 105 76 0 5
408 413 76 37 5
401 413 76 37 5
315 336 76 21 5
ara 376 77 60 15
73.8 105 77 0 19
58.7 105 7 0 19
82.7 105 77 0 19
" 638 105 77 0 19
209 105 77 0 19
209 186 77 6 19
190 186 77 6 19
196 186 77 6 19
155 186 77 6 19
ar2 385 195 37 36
366 385 195 37 36
33 348 195 60 16
216 220 198 12 437
201 220 198 12 37
184 220 198 12 37
191 220 198 12 7
75.8 74.3 205 0 19
66.0 - 74.3 205 0 - 19
80.3 74.3 205 0 19
65.4 74.3 205 0 19
192 155 205 § 19
176 155 205 G 19
184 155 205 6 19
152 155 205 6 19
191 214 225 12 37
87.1 67.5 233 0 19
77.9 67.5 233 0 19
86.1 67.5 233 0 19
83.3 67.5 233 0 19
183 148 233 6 19
163 148 233 3 19
157 148 233 3 19

2-23



2. OXYGEN-FREE COPPER: TENSILE PROPERTIES

C10100-C10700: Cold-worked ‘ Tensile Yield Strength vs.
' Cold Work (4—300 K)

Table 2.4, continued

Yield Strength, | Yield Strength, Test Reference
Measured, Calculated, .| Temperature, No.
MPa MPa K
139 148 233 5 19 1
188 208 250 12 7
323 324 285 60 16
23.0 52.5 295 - 0 5
342 361 295 37 5
342 361 295 : 37 5
275 283 295 21 5
268 283 295 21 5
73.3 52.1 297 0 19 -
63.0 52.1 297 [ 19
78.0 52.1 297 0 19
79.4 52.1 287 0 19
173 ] 133 297 [ 19
159 133 297 6 19
140 133 297 6 19
131 133 297 6 19
316 322 300 60 15
338 359 300 37 36
338 359 300 7 36
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2. OXYGEN-FREE COPPER: TENSILE PROPERTIES

C10100-C10700: Cold-worked A i .. Tensile Yield Strength vs.
' Cold Work (4—-300 K)
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Figure 2.11. The data are shown as a function of temperature for all levels of cold work. The variation
in cold work obscures the dependence of tensile yield strength upon temperature that is given in
Equation (24). For clarity, overlapping data points are omitted from the figure. All data are
presented in Table 2.4, Products were in plate, bar, and sheet form.
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2. OXYGEN-FREE COPPER: TENSILE PROPERTIES

C10100—-C10700: Cold-worked o Tens)'(e_Yield Strength vs.
‘ Cold Work (4-300 K)
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- Figure 2.12. The data over the 4 to 300 K temperature range are shown as a function of cold work. The
variation In temperature somewhat obscures the dependence of tensile yleld strength upon cold
work that is given in Equation (2-4). For clarity, overlapping data points are omitted from the figure.
All data are presented in Table 2.4. Products were in plate, bar, and wire form.
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C10100—C10700: Cold-worked . Tensile Yield Strength vs.
, Cold Work (4—300 K)
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Figure 2.13. These data from Reference 2.34 indicate the increase of tensile yield strength with
increased cold work or lowered temperature (C10400 plate).
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2. OXYGEN-FREE COPPER: TENSILE PROPERTIES

C10100—C10700: Cold-worked . Tensile Yield Strength vs.
Cold Work (4—300 K)
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Figure 2.14. The data shown were used to compute the regression of tensile yield strength upon
temperature and cold work [Equation (2-4)]. For clarity, overlapping data points are omitted from
the figure. All data are presented in Table 2.4. Products were in plate, bar, and sheet form.
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2. OXYGEN-FREE COPPER.' TENSILE PROPERTIES

C10100—C10700: Annealed

Uttimate Tensile Strength
vs. Grain Size (4—300 K)

DATA SOURCES AND ANALYSIS

A set of 92 measurements of ultimate tensile
strength from 4 to 300 K was selected for analysis
because graln size and impurity content were
reported. Grain size, d, ranged from 11 to 90 um,
and impurity content, [I], from 0.0012 to 0.040
wt%. Products were in bar, sheet, and wire form.
This data set (References 2.1, 2.3—2.6, 2.14, 2.19,
2.38—-2.39) was used In regression analysis of ul-
timate tensile strength (¢,) on three variables,
temperature (7), d, and [I]. Data on the variation
of o, with sliver content are presented on pages
2-42 and 2-43 (cold-worked copper).

RESULTS

Regression analysis indicated that the best
fit to the data was obtained by including a
second-order term in T, and by representing the
grain-size dependence with a ' term:

o, = 419 — 1.19T + 0.00144T° + 156 02
(S.D. = 18 MPa),

where o, isin MPa, 4 K<T<300K, and dis in
pm. The standard deviations of the four coeffi-
cients are 8, 0.08, 0.00025, and 27. -

Table 2.5 presents the measured values of
o,, the values of o, calculated from the regres-
sion equation, the temperature, o 2 and the
reference number. The available characterization
of materials and measurements is given in Table
2.10 at the end of the tensile properties section.

Figures 2.15 and 2.16 present the data as a
function of each variable, T and d, separately.
Figure 2.15 depicts the data as a function of T
only, without showing the dependence upon d.
Figure 2.16 depicts the data as a function of

d'? only, without showing the T dependence.
The data are not shown plotted against [I] be-
cause no effect was observed (see Dlscussion).
It Is clear from the large amount of scatter in

" Figures 2.15 and 2.16 that separate regression

(25)

equations for o, as a function of each variable, T
and g2, would not be of much value. However,
when multivarlate regression is used to analyze
the data set, a relatively small standard deviation
of 18 MPa is obtained.

Figure 2.17 indicates the fit of the data to
the multivariate regression expression, Equation
(2-5). The scatter band represents two standard
deviatlons about the line that corresponds to
complete agreement between measured and
predicted values of o, The variance of the data
about the line was assumed to be normally dis-
tributed and constant throughout the range of the
predicted values.

¢

e

DISCUSSION

The T coefficient for o, of annealed material
is much larger than that found for the yield
strength [Equation (2-2)]. The coefficient for @2
can change slignificantly with the addition or sub-
traction of a few influential points to the data set
so the accuracy of this coefficient may not be as
high as indicated by the standard deviation of the
coefficlent. Also, this coefficient is determined as
an average over the range 4 to 300 K, although it
apparently increases somewhat as T decreases.
Not enough low-T data over a sufficient range of
d were available to determine the coefficient at 77
and 4 K, but a separate determination from the
data at 295 K gave a coefficient of 85 = 34,

The absence of an observable effect of [l]
could be due to inconsistent methods of deter-
mining and reporting this variable in the different
sources of data.



2. OXYGEN-FREE COPPER: TENSILE PROPERTIES

€10100—C10700: Annealed

Ultimate Tensile Strength
vs. Grain Size (4300 K)

Table 2.5. Tenslle Strength Dependence on Grain Size (4—300 K).

Tensile Strength, | Tensile Strength, Test (Grain Size)z'm, Reference
Measured, Calculated, Temperature, 10°m™! No.
MPa MPa K
. 410 431 4 0.112 5
- " 460 461 4 0.302 4
» 393 435 4 0.137 14
- 420 415 20 0.124 39
42 415 20 0.124 39
423 415 20 0.124 29
413 <415 . 20 0,124 39
410 415 . 20 0.124 £
485 429 30 0.289 38
462 429 30 0.289 38
445 429 30 0.289 238
415 429 30 0.289 38
459 424 30 0.258 38
433 424 30 0.258 a8
441 413 30 0.183 38
426 407 30 0.149 38
336 354 76 0.112 5
375 384 76 0.302 4
366 356 76 0.124 39
363 356 76 0.124 39
362 356 76 0.124 39
K 156 76 0.124 ag
352 356 76 0.124 39
355 356 76 0.124 39
3685 .370 77 0.224 6
. 34 357 [ 0.137 14
322 as7 77 0.137 14
N an 357 77 0.137 14
352 358 77 0.149 19
. 343 358 77 . 0.744 19
352 as9 77 0.148 19
342 358 77 0.144 19
355 366 78 0.2 1
316 379 78 0.283 ]
390 n 85 0.269 38
386 373 85 0.289 3
- 365 33 85 0.269 38
» 362 an [ 0.289 38
. 376 368 85 0.258 38
- 381 356 [5] 0.183 38
- 359 344 85 0.105 38
300 317 133 0.2 1
334 a8 150 0,269 B
3 318 150 0.289 38
an 313 150 0.258 38
302 301 150 0.183 38
307 296 150 0.149 38
269 273 194 0.2 1
232 288 195 0.283 3
268 261 195 0.124 39
261 185 0.124 39
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2. OXYGEN-FREE COPPER: TENSILE PROPERTIES .

C10100—C10700: Annealed

Ultimate Tensile Strength
vs. Grain Size (4—300 K)

Table 2.5, continued

Tensile Strength,

Measured,
MPa

Tensile Strength,
Calculated,
MPa

Test
Temperature,
K

po—re— 7
(Grain &1(19)2 ,

10°m

Reference
No.

274 261 195 0.124 39
270 261 195 0.124 39
265 261 195 0.124 39
303 280 205 0.289 38
293 276 205 0.256 38
283 264 205 0,183 33
261 259 205 0.149 19
253 258 205 0.144 18
258 259 205 0.149 19
254 258 205 0.144 19
247 243 233 0.149 19
241 242 233 0.144 19
244 243 233 0.149 19
240 242 233 0.144 19
248 245 243 0.2 1
187 238 2983 0.283 3
235 229 293 0.224 6
205 211 295 0.112 5
224 213 295 0.124 39
224 213 295 0.124 39
224 213 295 0.124 39
220 213 295 0.124 .39
219 213 295 0.124 39
219 224 296 0.2 1
213 216 297 0.148 19
211 215 297 0.144 19
211 216 297 0.149 19
210 215 297 0.144 19
243 237 300 0.289 38
241 237 300 0.289 33
234 237 300 ‘ 0.289 38
222 237 300 0.289 38
245 237 300 0.269 38
241 237 300 0.289 38
203 237 300 0.289 38
238 232 300 0.258 38
234 232 300 0.258 38
231 232 300 0.258 38
214 208 300 0.105 " 38
221 208 300 0.105 38
240 239 300 0.302 4
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2. OXYGEN-FREE COPPER: TENSILE PROPERTIES'

C10100—C10700: Annealed Ultimate Tensile Strength
: - vs. Grain Size (4—300 K)
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Figure 2.15. The data are shown as a function of temperature. The variation In grain size somewhat
- obscures the dependence of ultimate tensile strength upon temperature that is given in Equation
'(2-5). For clarity, overlapping data points are omitted from the figure. All data are presented in

Table 2.5. Products were in bar, sheet, and wire form.
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C10100—-C10700: Annealed ‘ ~ Uttimate Tensile Strength
. ' vs. Grain Size (4—300 K)
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Figure 2.16. The data are shown as a function of the inverse square root of grain size, d'2 The
variation in temperature obscures the dependence of ultimate tensile strength upon d'? that is
given in Equation (2-5). For clarity, overiapping data points are omitted from the figure. All data
are presented in Table 2.5. Products were in plate, sheet, and wire form.
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C10100-C10700: Annealed ' Ultimate Tensile Strength
. vs. Grain Size (4—300 K)
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Flgure 2.17. The data shown were used to compute the regression of ultimate tensile strength upon
temperature and grain size [Equation (2-5)]. For clarity, overlapping data polnts are omitted from .
the figure. All data are presented in Table 2.5. Products were bar, sheet, and wire form.
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C10100-C10700: Cold-worked

~ Ulimate Tensile Stfengih
vs. Cold Work (295 K) -

DATA SOURCES AND ANALYSIS

A set of 209 measurements of ultimate ten-
sile strength at 295 K was selected for analysis.
Measurements were obtained from References
2.5, 2.15-2.22, 2.24-2.26, 2.28—2.32, 2.36, and
2.40-2.49. Products were In plate, bar, and wire
form. In most cases, the actual percent reduction
of thickness or area was specified, but in a few
instances the percent reduction was obtained
from standard tables of temper designation (see
. Table 1.17). The amount of cold work, CW,
ranged up to 99%. Polynomial terms were includ-
ed in the regression analysls carried out with this
data set, because the dependence of ultimate
tensile strength, o, upon CW is nonlinear.

RESULTS

The regression equation for o, upon CW
was found to be

o, = 230 + 3.14(CW) — 0.00962(CW)?
(S.D. = 29 MPa),

where o is in MPa and CW is in percent. The
standard deviations of the three coefficients are 4,
0.22, and 0.0024. , ‘

Table 2.6 presents the measured values of
o, values of o, calculated from the regression

equation, the percent of CW (reduction of thick-
ness or area), and the reference number. The
avallable characterization of materials and meas-
urements s given in Table 2.10 at the end of the
tensile properties section.

Figure 2.18 Indicates the fit of the data to
Equation (2-6). The equation applies to CW from.
rolling or drawing. The scatter band represents

" two standard deviations about the regression

(2-6)

curve. The variance of the data about the curve
was assumed to be normally distributed and con-
stant throughout the range of the independent
variable, CW. Figure 2.19 presents the results in
summary form.

DISCUSSION

Some of the data from Reference 2.17 fall
outside the scatter band (Figure 2.18). The cop-
per in these specimens is of very high. purity;
hence some recovery may have occurred before
measurements were completed. These data were
included as a guide for applications that require
cold-worked copper of similar purity. Variation in
grain size also contributes to the scatter of the -
data; since graln size often was not reported in
this data set, it could not be included in the re-
gression analysis. For small amounts of CW,-
grain size may Influence o, more than the degree
of CW; an estimate may be obtained from Equa-
tion (2-5). ‘

Table 2.6. Tensile Strength Dependence on Cold Work (295 K).

Cold Work,
%

Tensile Strength,
Calculated,
‘ MPa

Tensile Strength,
Measured,
MPa

Reference
No.

282 230

LAl

175 230

228 230

210 230

263 230

212 230

BI83]|8]3

210 230

32

238 230

203 230

18

241 230

18

231 230

18

255 230

25

219 230

25

ojJojojojojejojojojoj|o]o|leo] o

249 230

25
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C10100—C10700: Cold-worked

2. OXYGEN-FREE COPPER: TENSILE PROPERTIES

Ultimate Tensile Strength
vs. Cold Work (295 K)

Table 26 continued

Tensile Strength, | Tensile Strength, | Cold Work, | Reference
Measured, Calculated, % No.
MPa MPa
225 230 0 25 -
213 230 0 24
238 230 [ 22
252 230 [ 2
221 230 0 21
P4l 230 0 43
212 230 0 43
213 230 0 4
212 230 0 19
220 230 0 19
229 230 0 31
222 230 0 30
218 230 0 30
269 230 0 45
228 230 0 44
221 230 _ 0 46
228 230 0 46
239 230 0 47
237 230 0 47
221 230 0 48
259 230 0 42
255 233 1 22
249 245 4.8 47
226 246 5 28
228 246 5 28
228 246 5 28
228 246 5 28
228 246 5 28
285 249 6 22
218 249 6 19
237 256 8.5 25
242 256 8.5 25
235 258 9 2
239 258 9 a2
248 260 9.8 | 44
241 261 10 19
242 261 10 30
241 261 10 30
246 264 1 20
279 264 11 18
241 264 1 .18
365 264 1 18
252 264 " 18
268 265 11.4 47
276 269 13 42
292 276 15.3 47
185 2684 18 17
269 286 18.7 32
286 286 18.7 32
308 289 20 28
313 289 20 28




2. OXYGEN-FREE COPPER: TENSILE PROPERTIES

C10100—-C 1(‘)700:‘ Cold-worked - ‘ : ) Ultimate Tensile Strength
‘ . ‘ vs. Cold Work (295 K)

Table 2.6, continued

Tensile Strength, | Tensile Strength, | Cold Work, | Reference
Measured, Calculated, ‘ % No.
MPa - MPa

276 291 . 20.7° 8
390 291 20.7 18

276 ’ 291 207 18’

307 291 20.8 a7

308 291 208 a7

277 292 21 5

270 292 21 5

266 292 21 31 ~
286 297 23 43 i
250 300 24 44

304 303 25 19 )
309 303 25 19 .
304 ‘ 303 25 30

309 303 25 30 -
347 310 27.9 a7 .

307 313 29 32

317 313 29 32

352 314 29.2 2% )

352 314 29.4 18

303 314 29.4 18

396 314 29.4 18

303 314 29.4 8

205 316 30 7

323 ‘ 316 30 28

322 316 30 28

329 316 30 28

324 | . 316 30 45

249 318 3 20

317 326 34 21

328 331 36 24 \
338 331 3% 44

356, 333 37 3% l

365 333 37 3%

356 333 ‘ 37 5

357 333 37 5 -

328 333 37 29

343 333 37 31 -

351 333 37 a7

365 333 37 47

396 333 37.1 25

397 333 37.1 25

ar2 : 334 37.2 18

324 334 372 - 18

396 334 372 18

324 334 372 8

332 338 39 32

344 338 39 a2
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- 2. OXYGEN-FREE COPPER: TENSILE PROPERTIES

C10100—C10700: Cold-worked ‘ Ultimate Tensile Strength
vs. Cold Work (295 K)

Table 2.6, continued

Tensile Strength, | Tensile Strength, | Cold Work, | Reference
Measured, Calculated, % No.
- MPa MPa :
- 205 340 40 17
- 341 340 40 20
. 349 340 40 28
- 349 340 40 28
352 340 40 21
352 340 40 19
283 350 44 18
338 350 44 18
396 350 44 18
341 as0 a4 18
354 359 48.1 32
380 359 48.1 32
368 380 48.5 47
386 363 50 18
152 363 50 18
396 363 50 18
359 363 50 18
360 363 50 19
367 363 50 30
360 363 50 30
338 363 . 50 45
323 363 50 486
EXN 363 50 45
390 3863 50 47
345 363 50 [T]
ar2 385 51 42
. 365 372 54 [7]
_ 393 375 55.5 18 '
365 375 55.5 18
396 ars 55.5 18
369 s 55.5 18
. an 382 59.2 32
400 382 59.2 32
. 333 384 60 15
334 84 . 60 16 *
396 384 60.1 47
— 400 385 60.5 18
ar2 385 60.5 18
— 396 385 60.5 18
. 379 385 60.5 18
- a7 389 '62.5 49
407 393 64.8 18
ar9 393 64.8 18
400 393 64.8 18’
390 393 64.8 18
404 400 66.3 47
414 400 68.6 18
386 400 68.6 18
400 400 66.6 18
400 400 68.6 18
35 403 70 17
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C10100—C10700: Cold-worked

2. OXYGEN-FREE COPPER: TENSILE PROPERTIES

Table 2.6, continued

Tenslle Strength, | Tensile Strength, | Cold Work, | Reference
Measured, Calculated, % "~ No.
MPa MPa
366 408 72.7 32
415 408 72.7 32
3% 410 74 42
418 411 747 47
393 412 75 40
359 412 75 .19
386 412 75 45
393 412 75 4
418 412 75 47
386 412 75 48
403 413 75.5 32
426 413 75.5 32
396 415 77 45
385 420 80 17
403 425 83 45
376 426 84 22
457 427 84.4 25
454 427 84.4 25
417 427 - 84.8 47
372 428 85 42
433 431 87.5 a7
400 a1 87.5 48
421 432 88 45
417 434 89.4 22
426 434 89.4 32
450 435 90 17
424 435 %0 45
425 435 90 a7
434 438 92 45
435 440 93.4 47
439 440 93.4 47
441 440 94 45
465 443 96 45
469 444 97 45
469 446 98 45
469 446 98.2° 45
469 446 98.4 45
476 446 98.6 45
486 447 98.8 45
486 447 99 45
496 447 99.3 45
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2. OXYGEN-FREE COPPER: TENSILE PROPERTIES

" ©10100—C10700: Cold-worked Ultimate Tensile Strength
vs. Cold Work (295 K)

ULTIMATE TENSILE STRENGTH, MPa
ULTIMATE TENSILE STRENGTH, ksi

o 20 40 60 80 100 0
COLD WORK, percent

Figure 2.18. The data shown were used to compute the regression of uitimate tensile strength upon
cold work [Equation (2-6)]. For clarity, overlapping data points, including all those from References
2.15, 2.24, 2.26, 2.31, 2.36, 2.40, and 2.43, were omitted from the figure. All data are presented in
Table 2.6. Products were in plate, bar, and wire form.
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2. OXYGEN-FREE COPPER: TENSILE PROPERTIES

C10100-C10700: Cold-worked C * Uttimate Tensile Strength
' ‘ vs. Cold Work (295 K)
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Figure 2.19. Ultimate tensile strength dependence upon cold work at 295 K. The scatter band repre-
sents two standard devlations about a second-order regression curve based upon 209 measure-
ments of tensile strength for a range of cold work from 0 to 99%. The regression equation is

o, (MPa) = 230 + 3.14(CW) — 0.00962(CW)* ’ (S.D. = 29 MPa),

where CW Is the percent of cold work (reduction of thickness or area.) Products were in plate, bar,
and wire form.
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2. OXYGEN-FREE COPPER: TENSILE PROPERTIES

C10100—-C10700: Cold-worked

“Ultimate Tensile Strength vs.
Cold Work, [Ag] (295 K)

DATA SOURCES AND ANALYSIS

Figure 2.20 shows data from References
2.28, 2.33, and 2.34 on cold-worked coppers of
different silver content. These are the only data
available to estimate the variation in ultimate ten-
sile strength, o, with silver content, [Ag]. The
available characterization of materials and meas-
urements is given In Table 2.10 at the end of the
tensile properties section. Measurements report-
ed in Reference 2.28 were taken from square wire
" with initlal dimensions (before rolling) of 0.63 cm

x 0.63 cm. The thickness of the 40% cold-rolled
plate used for measurements reported in Refer-

ence 2.33 was 1.3 cm, but specimen thickness
was 0.63 cm. This was the only materlal that was
cold-worked by a manufacturer. For the speci-
mens used in the measurements reported in Ref-
erence 2.34, plate thickness before rolling was 1.3
cm,

RESULTS'

As [Ag] Is Increased up to 0.085 wt%, the
“varlation In o, Is about 10%, for a given level of
cold work, CW. This estimate of the variation is
"based upon measurements of o, reported from
different laboratorles over a range of [Ag] values.

However, a variation of 6% was reported in Refer-
ence 2.33 for different measurements of o, on the
same heat of C10700 at one laboratory. There- -
fore, the variation of o, with [Ag] within the
C10100 to C10700 specification range will proba-
bly be less than 10% for cold-worked material.
The Improvement In o, with CW saturates at
about 40 to 50%.

DISCUSSION

Ornsteln (Reference 2.59) reported an in-

. crease of 3% from 334 to about 345 MPa in ¢, as

[Ag] was Increased from 0.03 wt% (C10400,
C10500) to 0.85 wt% (C10700). Actual data
points were not given, and the method of meas-
uring o, was not specified. Specimens were cold
worked 50%.

Although increases in [Ag] in the range
considered here do not affect the tensile proper-

- ties appreciably, increased resistance to creep

has been reported for similar increases In [Ag]
(see Reference 2.28 and the section on creep in
this publication). However, this effect has been
studied only at temperatures above 573 K and it
is not known whether the same mechanisms
control creep In the cryogenic temperature range.
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2. OXYGEN-FREE COPPER: TENSILE PROPERTIES

C10100—C10700: Cold-worked - - Ultimate Tensile Strength vs.
u Cold Work, [Ag] (295 K)
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Figure 2.20. These data indicate the absence of a strong dependence of ultimate tensile strength of
-cold-worked copper upon sliver content. (Sitver content is unspecified for C10100, > 0.027 wt% for
C10400, 2 0.034 wt% for C10500, and > 0.085 wt% for C10700.) Products were in plate (References
2.33 and 2.34) and wire-bar form (Reference 2.28).
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2. OXYGEN-FREE COPPER: TENSILE PROPERTIES

C10100-C10700: Cold-worked

Ultimate Tensile Strength
vs. Cold Work (4—300 K)

DATA SOURCES AND ANALYSIS

-. A set of 79 measurements of ultimate tensile
strength from 4 to 300 K was selected for analy-
sls. Products were in plate, bar, and wire form.
In most cases, the actual percent reduction of
thickness or area was specified, but in a few
Instances, the percent reduction was obtained
from standard tables of temper designation (see
Table 1.17). The amount of cold work, CW,
ranged up to 99%. This data set (References 2.5,
2.15-2.16, 2.19, 2.36, 2.40~2.41, and 2.48) was
used In regression analysis of ultimate tenslle
strength (o) upon temperature (T) and CW. Poly-
nomial terms in T and CW were included In the
analysis. :

It Is clear from the large amount of scatter In
Figures 2.21 and 2.22 that separate regression
equations for ¢, as a function of each variable, T
and CW, would not be of much value. However,
when multivariate regression is used to analyze
the data set, a relatively small standard deviation
of 32 MPa Is obtalned. ‘

RESULTS

Regresslon analysis Indicated that the best

fit to the ¢, data was obtained with the following
equation: :
0,'= 412 - 0.664T + 2.73(CW) — 0.00695(CW)’

@7
(S.D. = 32 MPa),

where ¢, Is in MPa, 4 K< T <300 K, and CW, in
percent, is the reduction of thickness or area.
The standard deviations of the four coefficients
are 9, 0.034, 0.42, and 0.00548.

Table 2.7 presents the measured values of
o, values of g, calculated from the regression
equation, the temperature, the percent CW (re-
duction of thickness or area), and the reference

~number. The available characterization of materi-

als and measurements is given in Table 2.10 at
the end of the tensile properties section.

Figure 2.21 depicts the data as a function of
T only, for all levels of CW. Figure 2.22 depicts
the data as a function of CW only without show-
ing the T dependence. Figure 2.23 presents re-
cent measurements at 4, 76, and 295 K on
C10400 plate, which show the variation in o, with
both T and CW. (These data were not available
when the regression analysis was carried out.)

Figure 2.24 indicates the fit of the data set to
Equation (2-7). The scatter band represents two
standard deviations about the line that corre-
sponds to complete agreement between meas- -
ured and predicted values of o,. The variance of
the data was assumed to be normally distributed -
and constant throughout the range of the predict-
ed values. .

DISCUSSION

The magnitude of the coefficients of the CW
terms is in agreement with results at room tem-
perature [Equation (2-6)].

Table 2.7. Tenslle Strength Dependence on Cold Work (4-300 K).

Tenslle Strength, | Tensile Stwength, Test Cold Work, | Refersnce

“Measured, - Calculated, Temperaturs, % No.

" MPa MPa K

~ 498 409 4 0 a1
410 409 4 0 5
514 548 4 60 16
503 501 4 7 5
509 501 4 37 5
440 464 4 2 5
246 484 4 7 5
478 399 2 0 41 -
496 399 20 0 36
517 490 20 37 36
524 490 20 ar 36
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2. OXYGEN-FREE COPPER: TENSILE PROPERTIES

C10100—C10700: Cold-worked - : ; ‘ ~ Ultimate Tensile Strength
‘ vs. Cold Work (4—300 K)

Table 2.7, continued

Tensile Strength, | Tensile Strength, Test Cold Work, | Reference
Measured, Calculated, Temperature, % No.
MPa MPa K ‘ ‘
I 514 530 20 60 16 |

336 362 76 0 5
469 453 76 a7 36
476 453 76 37 36
458 500 76 60 16
452 453 76 a7 5
442 453 76 37 5
375 . 416 76 21 5
400 361 7 0 36
457 500 77 60 15
352 361 ” 0 19
343 361 77 0 19 -
352 361 77 0 18 b
342 361 77 [} 19
ar2 ar7 e 6 19
361 377 77 6 19
363 377 77 6 19
47 377 77 6 19
310 359 80 0 48
552 557 80 96 48
365 356 85 0 40
531 521 85 75 40
412 352 20 0 41
310 316 145 0 40
476 © - 482 145 75 40
310 283 195 0 36
393 ‘ a4 195 37 38
400 a4 195 a7 36
385 421 195 60 16
261 276 205 0 19
253 276 205 0 19.
258 276 205 0 19
254 276 205 0 19
276 - 292 205 6 19 i
266 292 205 6 19 '
270 292 205 6 18
257 292 205 ° 6 18
247 257 233 0 19
24 257 233 0 19
244 257 233 0 19 b
240 257 - 233 0 19
262 273 233 6 19 -
248 213 233 6 19 -
252 273 233 6 19
242 273 233 6 19
214 . 224 283 0 48 .
462 422 283 9% 48 -
282 217 . 293 0 44
205 216 285 0 5
334 55 295 60 16
356 208 2095 37 5
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C10100—C10700: Cold-worked

2. OXYGEN-FREE COPPER: TENSILE PROPERTIES

Ultimate Tensile Strength
vs. Cold Work (4—300 K)

Table 2.7, continued

Tensile Strength, | Tensile Strength, Test Cold Work, Reference
Measured, Calculated, Temperature, % No.
MPa MPa K

357 308 295 37 5
217 270 295 21 5
270 270 295 21 5
213 215 297 0 19
mn 215 297 0 19
211 215 297 0 19
210 215 297 0 19
226 231 297 6 19
219 231 297 6 19
216 231 297 6 19
212 231 297 6 19
248 213 300 0 36
3N 352 300 60 15
228 213 300 0 40
393 379 300 75 . 40
358 304 300 7 36
385 304 300 37 36
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2. OXYGEN-FREE COPPER: TENSILE PROPERTIES

C10100-C10700: Cold-worked ‘ , " Utltimate Tensile Strength
‘ . vs. Cold Work (4—300 K) .
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Figure 2.21. The data are represented as a function of temperature, for all levels of cold work. The
variation in cold work obscures the dependence of ultimate tensile strength upon temperature that
Is given in Equation (2-7). For clarity, overlapping data points are omitted from the flgure All data
are presented in Table 2.7. Products were In plate, bar, and wire form.
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2. OXYGEN-FREE COPPER: TENSILE PROPERTIES

C10100-C10700: Cold-worked ,‘ -Ultimate Tensile Strength
' : vs. Cold Work (4—300 K)
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Figure 2.22. The data over the 4-t0-300-K temperature range are represented as a function of cold work.
The variation In temperature obscures the dependence of ultimate tenslle strength upon cold work
that is given in Equation (2-7). For clarity, overlapping data points are omitted from the figure. All
data are presented in Table 2.7. Products were in plate, bar, and wire form.

248



2. OXYGEN-FREE COPPER: TENSILE PROPERTIES

C10100-C10700: Cold-worked = " Ultimate Tensile Strength
vs. Cold Work (4—300 K)
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Figure 2.23. These data from Reference 2.34 indicate the Increase In ultimate tensile strength with
increased cold work or lowered temperature (C10400 plate).
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2. OXYGEN-FREE COPPER: TENSILE PROPERTIES

C10100-C10700: Cold-worked . Ultimate Tensile Strength
vs. Cold Work (4—300 K)
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Figure 2.24. The data shown were used to compute the regression of ultimate tensile strength upon
‘ temperature and cold work [Equation (2-7)]). For clarity, overlapping data polnts are omitted from
the figure. All data are presented in Table 2.7. Products were in plate, bar, and wire form.
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2. OXYGEN-FREE COPPER: TENSILE PROPERTIES

C10100—C10700: Cold-worked

Elongation vs. Cold
~ Work, [Ag] (295 K)

DATA SOURCES AND ANALYSIS

Figure 2.25 shows data from References
2.28, 2.33, and 2.34 on cold-worked coppers of
different silver content. These are the only data
available to estimate the variation in elongation
with silver content, [Ag]. The available character-
ization of materials and measurements is given in
Table 2.10 at the end of the tensile properties
section. Measurements reported in Reference
2.28 were taken from square wire with initial di-
mensions (before rolling) of 0.63 cm x 0.63 cm.
The thickness of the 40% cold-rolled plate used
for measurements reported in Reference 2.33 was
1.3 cm, but specimen thickness was 0.63 cm.
This was the only material that was cold-worked
by a manufacturer. For the specimens used in
the measurements reported in Reference 2.34,
plate thickness before rolling was 1.3 cm.

2.51

RESULTS

The authors of Reference 2.28 reported very
littte change In elongation as [Ag] increased to
0.085 wt%. However, these elongations were
considerably lower than those reported in Refer-
ences 2.33 and 2.34. Gage lengths for all speci-
mens were comparable. Different measurements
of elongation on the same C10700 material gave
values from 21 to 25% (Reference 2.33).

DISCUSSION
. Figure 2.27, based upon a different set of

data between 4 and 300 K, also indicates sub-
stantial variation in this tensile property.



2. OXYGEN-FREE COPPER: TENSILE PROPERTIES

~ C10100-C10700: Cold-worked

Elongation vs. Cold
Work, [Ag] (295 K)
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Figure 2.25. These data Indicate a wide variation in the elongation, but do not show a strong
:dependence of elongation of cold-worked copper upon silver content. (Silver cantent is unspeci-
fied for C10100, > 0.027 wt% for C10400, > 0.034 wt% for C10500, and > 0.085 wt% for C10700.)
~Products were In plate (References 2.33 and 2.34) and wire-bar form (Reference 2.28).
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2. OXYGEN-FREE COPPER: TENSILE PROPERTIES

c10 100—C 10700: Annealed
Cold-Worked

Elongation vs. Cold
Work (4—300 K)

DATA SOURCES AND ANALYSIS

A set of 153 measurements of tensile elon-
gation from 4 to 300 K was selected for analysis. -
Product forms included plate, bar, and wire. In
most cases, the actual percent reduction of thick-
ness or area was specified, but in a few Instanc-
es, the percent reduction was obtained from stan-
dard tables of temper designation (see Table 1.?).
The amount of cold work, CW, ranged up to 96%.
This data set (References 2.3, 2.5—2.6, 2.14-2.16,

- 2.19, 2.36, 2.38—2.39 and 2.50—2.56) was used In
regression analysis of elongation upon tempera-
ture (T) and CW. Polynomial terms in T and CW
were included in the analysis.

RESULTS

: Regression analysis indicated that the best
fit to the data was obtained with the equation:

Elongation = 58.4 — 0.0553T — 0.516(CW)
(2-8)
(8.D. = 12%)
where elongation is in percent, 4 K <7 < 300 K,
and CW , in percent, is the reduction of thickness
or area). The standard deviations of the three
coefficients are 2.0, 0.0094, and 0.051.

Table 2.8 presents the measured values of
the tensile elongation, the values of elongation
calculated from the regression equation, the per-
cent of CW (reduction of thickness or area), the
temperature, and the reference number. The
available characterization of materials and mea-
surements is given in Table 2.10 at the end of the
tensile properties section.

Figure 2.26 depicts the data as a function of
T only, for all levels of CW. Figure 2.27 depicts
- the data as a function of CW only, without show-

Ing the T dependence. It is clear from the large
-amount of scatter in Figures 2.26 and 2.27 that
separate regression equations for o, as a function
of each variable, T and CW, would not be of
much value. However, when multivariate regres-
slon Is used to analyze the data set, a relatively
small standard deviation of 12% is obtained.
Figure 2.28 presents recent measurements at 4,
76, and 295 K on C10400 plate, which show the
variation in elongation with both T and CW..
(These data were not available when the regres-
sion analysis was carried out.)

Figure 2.29 indicates the fit of the data set to
Equation (2-8). The scatter band represents two
standard deviations about the line, which corre-
sponds to complete agreement between mea- .
sured and predicted values of elongation. The
variance of the data was assumed to be normally
distributed and constant throughout the range of
the predicted values. ‘

DISCUSSION

Since elongation Is lower in flat tensile speci-
mens than in round specimens, and since data
from several types of specimens were combined
in the analysis, Equation (2-8) should not be used
to predict exact elongation values. However,
since the effect of specimen type is small com-
pared with the effects of CW and temperature, the
equation illustrates the effect of these variables.

- Note also that the only measurements on flat
specimens (Reference 2.19) lie within the scatter
band shown in Figure 2.29, but are above the
predicted values. - Thus, other sources of uncer-
talnty are probably larger than differences in
specimen type, although differences in gage
lengths also change measured elongation.

See also Figure 2.25 and page 2-51.

Table 2.8. Elongation Dependence on Temperature, Cold Work, 4-300 K.

Elongation, | Elongation, | Cold Work, Test Reference
Measured, | Calculated, % Temperature, No.
% % K
45.0 421 0 295 55
101 58.2 0 4 56
77.0 54.2 0 77 56
61.0 421 0 295 56
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2. OXYGEN-FREE COPPER: TENSILE PROPERTIES

C10100—-C10700: Annealed; 4 Elongation vs. Cold
. Cold-Worked Work (4—300 K)

Tal;le 2.8, continued

Elongation, ]} Elongation, | Cold Work, Test Reference
Measured, | Calculated, % Temperature, No.

% % K
48,0 42.1 0 295 5
57.0 54.2 0 - 76 5
76.0 58.2 0 4 5
52.5 53.7 0 85 38
48.5 57.0 0 25 38
48.0 - 57.0 0 25 38
46.5 53.7 0, 85 38
43.0 53.7 0 85 38
40.5 47.1 0 205 3
39.0 50.1 0 150 3
38.0 471 0 205 38
3.5 57.0 0 25 3
35.0 54.0 0 80 38
35.0 50.1 0 150 38
35.5 46.5 0 215 38

. 365 43.5 0 270 38
36.0 42.9 0 280 38
34.0 41.8 0 300 38
32.5 41.8 0 300 38
32.5 41.8 0 300 38
30.5 41.8 0 300 38
27.0 41.8 0 300 3
25.0 41.5 0 305 39
51.5 57.0 0 25 38
35.5 53.7 0. as 38
28.5 50.4 [} 145 38
38.5 47.1 0 205 38
45.5 57.0 0 25 )
42.0 53.7 0 85 38
29.0 50.4 0 145 38
35.5 471 0 205 38
37.5 41.5 0 305 38
37.0 415 0 305 - 38
36.0 41.5 0 305 38 -
465 57.0 0 25 38
42.0 57.0 0 25 34
32.5 50.1 0 150 38
35.0 41.5 0 305 38
30.0 57.3 0 20 38
30.0 54.0 0 80 38
28.5 ‘ 54.0 0 80 38
23.0 41.5 0 305 )
18.5 41.8 0 300 38
57.5 53.3 0 93 50
44.6 49.9 "0 153 50
47.0 47.7 0 193 50
47.0 . 455 0 233 50
40.2 43.9 0 263 50
48.0 42.1 0 295 50
67.0 53.3 0 93 50
51.0 42.1 0 295 50




2. OXYGEN-FREE COPPER: TENSILE PROPERTIES

C10100-C10700: Annealed; - , o Elongation vs. Cold
Cold-Worked _ "~ Work (4—300 K)

Table 2.8, continueu

Elongation, | Elongation, | Cold Work, Test Reference
Measured, | Calculated, % Temperature, No.
% % K - =

53.0 421 [ 295 50
60.0 57.3 0 20 51 -
37.5 42.1 0 295 51
58,0 52.2 0 113 52
45.0 49.9 [} 153 52
47.0 47.7 0 193 52
47.0 45.5 [} 233 52
48.0 42.2 0 . 293 52
26.2 54.0 0 . 80 53
24.5 42.8 0 283 53
40.7 54,1 0 78 3 B
38.4 47.6 0 195 3
42.2 42.2 0 293 3 .
30.9 32,2 0 473 3
45.0 57.3 [ 20 36
44.0 54,2 -0 77 3%
38.0 476 0 195 36 -
36.0 418 0 300 36
57.2 47.6 0 196 54
57.3 46.6 0 213 54
56.2 44.4 0 253 54
55.0 42.2 0 293 54
60.0 54.2 ) 77 6
48.0 42,2 0 293 6
58.3 54,2 0 7 19
56.3 471, 0 205 19
55.8 45.5 0 233 19
53.5 420 0 297 19
68.5 54,2 0 77 19
63.0 471 0 205 19
60.8 45.5 0 233 19
62.2 42.0 0 297 19
63.0 54.2 [} 7 19
56.8 47.1 0 205 19
54.3 45.5 0 233 19
51.2 42.0 0 297 19
69.8 54.2 0 ” 19
65.3 471 0 205 19
58.8 45.5 0 233 19
58.4 42.0 0 297 19 .
66.1 57.3 0 20 39
67.8 57.3 0 2 39
70.7 57.3 0 20 39 o
59.7 54.2 0 76 39
60.8 54.2 0 76 39
59.8 54.2 0 75 39
53.3 © 476 0 195 39
53.1 47.6 0 185 39
§3.4 42.1 0 295 39
54,2 42.1 0 295 39
75.1 58.2 0 4 14




; 2. OXYGEN-FREE COPPER: TENSILE PROPERTIES

C10100—C10700: Annealed;

Cold-Worked

Elongation vs. Cold
Work (4—300 K)

Table 2.8, continued

Elongation, | Elongation,
. Measured, | Calculated,
% %

Cold Work,
%

Test

K-

Temperature,

Reference

. 86.0 54,2 0 7 14
64.6 54,2 0 7 14
65.4 54.2 0 7 14
43.3 51 6 ” 19
40.0 440 6 205 19
45.8 42.4 6 233 13
44.0 36.9 6 297 13
61.8 51.1 6 7 19
55.5 440 6 205 19
51.0 42.4 6 233 19
53.6 38.9 6 297 19
58.5 51.1 6 77 19
445 44.0 6 205 19
52.3 42.4 6 233 19
50,4 36.9 6 297 19
67.5 S1.1 6 77 IR
55.8 44,0 6 205 19
58.5 42.4 6 233 19
54.8 38.9 6 297 19
48.7 © 474 21 4 5
36.6 43.4 21 76 5
13.4 1.3 21 295 5
14.3 3.3 21 295 5
54.0 38.2 a7 20 36
57.0 38.2 a7 BE:) 36
35.0 35.1 37 76 3%
35.0 35.1 a7 76 36
20.0 28.5 a7 195 36
20.0 28.5 7. 195 36
18.0 22.7 37 300 36
18.0 22.7 7 300 36
29.6 39.1 a7 4 S
31.6 39.1 37 4 S
19.5 35.1 a7 76 5
18.7 35.1 37 76 5
10.3 23.0 a7 295 5
8.7 23.0 37 295 5
24.0 23.2 60 77 15
15,0 10.9 60 300 15
41.0 27.2 60 4 16
42.0 26.4 60 20 16
29.0 23.3 60 76 16
200 16.7 60 195 16
17.0 11.1 60 295 16
8.2 21.0 64 80 53
2,20 9.75 64 283 53
6.30 4.47 9 80 53
1.00 6.76 96 283 53
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C10100-C10700: Annealed; ‘ ‘ Elongation vs. Cold
Cold-worked . Work (4300 K)
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Figure 2.26. The data for all levels of cold work are represented as a function of temperature. The
variation in cold work obscures the dependence of tensile elongation upon temperature that is
given in Equation (2-8). For clarity, overlapping points are omitted from the figure, including all
points from References 2.55 and 2.56. All data are presented in Table 2.8. Products were in plate,
bar, and wire form.
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2. OXYGEN-FREE COPPER: TENSILE PROPERTIES

C10100—C10700: Annealed;

Cold-worked

Elongation vs. Cold
Work (4—300 K)
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Flgure 2.27. The data over the 4 to 300 K temperature range are represented as a function of cold work.
The variation In temperature obscures the dependence of tensile elongation upon cold work that is
‘given In Equation (2-8). For clarity, overlapping data points are omitted from the figure, Including
all points from References 2.51, 2.54, 2.55, and 2.56. All data are presented in Table 2.8. Products

- were in plate, bar, and wire form.
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C10100-C10700: Annealed;

Elongation vs. Cold

Cold-worked Work (4—300 K)
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Figure 2.28. These data from Reference 2.57 indicate the decrease in elongation with Increased cold

work or temperature (C10400 plate).
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C10100—C10700: Annealed; ' Elongation vs. Cold
Cold-worked ‘ ' , Work (4—300 K)
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Figure 2.29. The data shown were used to compute the linear regression of tensile elongation upon
temperature and cold work [Equation (2-8)]. For clarity, overlapping data points are omitted from
the figure, including all points from References 2.55 and 2.56. All data are presented in Table 2.8.
Products were In plate, bar, and wire form.
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2. OXYGEN-FREE COPPER: TENSILE PROPERTIES

C10100—-C10700: Annealed;
Cold-worked

Reduction of Area vs.
Cold Work (4—300 K)

DATA SOURCES AND ANALYSIS

A set of 112 measurements of tenslle reduc-
tion of area from 4 to 300 K was selected for
analysis. Products were in plate, bar, and wire
form. In most cases, the actual percent reduction
of thickness or area was specified, but in a few
Instances, the percent reduction was obtained
from standard tables of temper designation (see
Table 1.17). The amount of cold work, CW,
ranged up to 96%. This data set (References 2.1,
‘2.5, 2.14-2.16, 2.19, 2.32, 2.36, 2.39, 2.50-2.51,
2.53, and 2.55—-2.57) was used In regression anal-
ysis of reduction of area upon temperature n
and CW.

RESULTS

Regression analysis indicated that the best
fit to the data was obtained with the equation:

. Reduction of Area = 80.5 — 0.128(CW)
' . (29

(S.D. = 6%),

where reduction of area is in percent and CW, In
percent, Is the reduction of thickness or area.
The standard deviations of the two coefficients
are 0.7 and 0.028. The equation Is valid for data
between 4 and 300 K. No significant T depen-
dence was observed for this set of data.

Table 2.9 presents the measured values of
the tensile reduction of area, the reduction of area
values calculated from the regression equation,
the percent of CW (reduction of thickness or
area), T, and the reference number. The available

characterization of materials and measurements Is
given in Table 2.10 at the end of the tensile prop-
erties section.

Figure 2.30 deplcts the data as a function of
T only, for all levels of CW. Figure 2.31 presents
recent measurements at 4, 76, and 295 K on
C10400 plate, which show the variation in reduc-
tion of area with CW. (These data were not avail-
able when the regression analysis was carried
out.) Both figures show the lack of dependence
of reduction of area upon 7, as found In the re-
gression analysis, Equation (2-9).

Figure 2.32 indicates the fit of the data set to

Equation (2-9). The scatter band represents two

standard deviations about the regression line.
The variance of the data was assumed to be
normally distributed and constant throughout the
range of the Independent variable, CW. Figure
2.33 presents the results in summary form.

DISCUSSION

Reduction of area is lower In fiat tensile
specimens than in round specimens. Since data

- from several types of specimens were combined

in the analysis, Equation (2-9) should not be used
to predict exact values of reduction of area.
However, the data on flat specimens (References
2.19 and 2.32), fall within the scatter band shown -
In Figure 2.32, and are often higher than the pre-
dicted values. Thus, other sources of uncertainty
are larger than differences in specimen type, and
the equation lllustrates the general trend of the
data with temperature (no 5|gniﬂcant effect) and
Ccw. .

Table 2.9. Reduction of Area Dependence on Cold Work (4-300 K).

Reduction of Reduction of Cold Work, Test Reference
Area, Area, % Temperature, No.

Measured, % | Calculated, % K '
92.6 80.5 0. 295 55
81.0 80.5 0 4 56
83.0 80.5 0 77 56
82.0 80.5 0 205 56 |
87.0 80.5 0 295 5
87.0 80.5 0 76 5
820 - 80.5 0 4 5
7.0 80.5 0 93 50
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2. OXYGEN-FREE COPPER: TENSILE PROPERTIES

C10100—C10700: Annealed;
“Cold-worked ‘

Reduction of Area vs.
Cold Work (4—300 K)

Table 2.9, continued

Reduction of Reduction of Cold Work Test Reference
Asea, % Temperature,
Measured, % K

70.0 80.5 0 153 50
74.0 80.5 0 193 50
77.0 80.5 0 233 50
- 76.0 80.5 0 263 50
N 76.5 .80.5 0 205 50
75.0 80.5 0 93 50
76.0 80.5 -0 295 50
75.0 80.5 0 295 50
75.0 80.5 0 © 20 51
77.0 80.5 0 295 51
88.0 80.5 0 296 1
68.0 80.5 0 196 54
67.0 80.5 0 213 54
70.0 80.5 0 253 54
70.0 80.5 0 293 54
. 83.0 80.5 0 20 36
83.0 80.5 0 77 36
83.0 80.5 0 195 35
89.0 80.5 0 300 36
80.0 80.5 0 4 57
85.0 80.5 0 78 57
86.0 80.5 0 300 57
82.4 80.5 0 - B v 4 14
83.1 80.5 0 77 14
82.5 80.5 0 77 14
83.6 80.5 0 77 14
N 82.3 80.5 0 20 39
. 826 80.5 0 20 39
83.8 80.5 1] 20 39
. 83.4 80.5 0 20 3ag
= 82.8 80.5 .0 7 g
84.3 80.5 0 ! 76 39
85.6 80.5 0 76 39

85.4 80.5 0 76 3
82.6 80.5 0 76 39
.. 85.7 80.5 0 195 39
84.3 80.5 .0 . 195 39
v 84.0 80.5 0 185 39
83.8 80.5 0 195 39
~  BB.S 80.5 0 295 39
85.4 80.5 0 295 39
87.7 80.5 0 295 39
85.1 80.5 0 295 39
72.0 80.5 0 80 53
76.0 80.5 0 283 53
74.5 80.5 0 7 19
79.7 80.5 0 . 205 19
79.0 80.5 0 233 18
85.0 80.5 0 297 19
72.4 80.5 0 77, 19
79.4 80.5 0 205 19
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2. OXYGEN-FREE COPPER: TENSILE PROPERTIES

C10100—-C10700: Annealed;

Cold-worked

Reduction of Areé ‘vs.
Cold Work (4-300 K)

Table 2.9, continued

Reduction of Reduction of Cold Work, Test Reference
Area, Area, % Temperature, No.
Measured, % Calculated, % K

82.2 80.5 0 233 19
77.4 80.5 0 297 19
68.1 80.5 0 77 19
81.4 80.5 0 205 19
75.4 80.5 0 233 19
92.2 80.5 0 297 19
67.9 80.5 0 7 19
76.9 80.5 0 205 19
7.5 80.5 0 233 19
8.5 80.5 0 297 19
61.0 79.7 6 77 18
80.3 79.7 6 205 18
74.3 79.7 6 233 18
90,1 79.7 6 297 19
71.9 79.7 6 7 19
79.3 79.7 6 205 19
78.8 79.7 [ 233 19
7.7 79.7 6 297 19
69.2 79.7 [ 7 19
78.7 79.7 6 " 205 19
736 79.7 3 233 19
90.3 79.7 6 297 19 -
72.1 79.7 6" 77 19
77.0 79.7 3 205 19
776 79.7 [ 233 19
85.4 79.7 [ 27 19
80.6 77.8 2 4 5
82.4 77.8 21 76 5
78.4 77.8 2 295 5
86.7 77.8 1 295 5
80.0 75.7 a7 20 36
81.0 75.7 a7 20 3%
79.0 75.7 a7 76 36
79.0 75.7 37 76 36
73.0 75.7 a7 300 36
76.0 75.7 37" 300 36
75.4 75.7 7 4 5.
71.7 75.7 37 4 5
76.5 75.7 a7 76 5
78.3 75.7 a7 76 I
75.7 75.7 7 295 5
72.0 75.7 a7 295 5
85.0 72.8 60 77, .15.
85.0 72.8 60 300 15
75.0 72.8 60 4 32
76.0 72.8 60 20 32
78.0 72.8 60 76 32
74.0 72.8 60 195 32
77.0 72.8 60 295 32
59.0 72.2 64 80 53
66.0 72.2 64 283 53
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2. OXYGEN-FREE COPPER: TENSILE PROPERTIES

C10100—-C10700: Annealed;
Cold-worked

Reduction of Area vs.
Cold Work (4300 K)

Table 2.9, continued

Reduction of
Area,
Measured, %

Reduction of
Area, °
Calculated, %

Cold Work,

% Temperature,

Test Réference
No.

K

56.0 68.1 96 80 53
63.0 68.1 86 283 53
100
4-300K M
. v
v v %
v o« . v
v [+ 'Y\ 4 v
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. Figure 2.30. The data for all levels of cold work are plotted versus the temperature. For clarity, overlap-
"ping data points are omitted from the figure, including all points from References 2.1, 2.55, and
2.56. All data are presented in Table 2.9. Products were in plate, bar, and wire form.
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2. OXYGEN-FREE COPPER.; TENSILE PROPERTIES

C10100-C10700: Annealed;
Cold-worked

Reduction of Area vs.
Cold Work (4—300 K)
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Figure 2.31. These data from Reference 2.34 indicate the decrease in reduction of area with increased

cold work and the lack of significant temperature dependence (C10400 plate).
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2. OXYGEN-FREE COPPER: TENSILE PROPERTIES

C10100-C10700: Annealed; -Reduction of Area vs.
Cold-worked Cold Work (4—300 K)
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Figure 2.32. The data shown were used to compute the linear regression of reduction of area upon cold
work [Equation (2-9)]. For clarity, overlapping data points are omitted from the figure, including all
polnts from References 2.1, 2.14, 2.50-2.51, and 2.55-2.57. All data are presented in Table 2.9.
Data from all temperatures between 4 and 300 K are included In this figure. (Regression analysls

_indicated no significant dependence upon temperature.) Products were in plate, bar, and wire
form. .
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2. OXYGEN-FREE COPPER: TENSILE PROPERTIES

C10100—C10700: Annealed; , . ‘ Reduction of Area vs.
Cold-worked o . ) Cold Work (4—300 K)
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Figure 2.33. Tensile reduction of area dependence upon cold work from 4 to 300 K. The scatter band
represents two standard deviations about a linear regresslon based upon 112 measurements of .
reduction of area for a range of cold work from 0 to 96%. The regression equation is

REDUCTION OF AREA (%) = 80.5 — 0.128(CW) . (S.D. = 6%),

where CW Is the percent of cold work (reduction of thickness or area). No significant temperature
dependence was observed over the range 4 to 300 K. Products were In plate, bar, and wire form.
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2. OXYGEN-FREE COPPER: TENSILE PROPERTIES

C10400: Annealed;
‘Cold-worked

" Engineering Stress vs.
Strain (4, 76, 295 K)

DATA SOURCE

Stress-strain curves at 4, 76, and 295 K for
annealed, half-hard, and hard C10400 plate are
presented in Figures 2.34, 2.35, and 2.36. Refer-
ence 2.5 is the source of these data. The avall-
able characterization of materials and measure-
ments is given in Table 2.10 at the end of the ten-
sile properties section. Measurements were dis-
placement controlled.

DISCUSSION

Serrated yielding, shown schematically in
the figures, is observed only at 4 K, in accord

268

with test results on many other metals and alloys. .
The phenomenon may result from localized heat-
ing, which occurs at low temperatures owing to
the very low specific heat. Another possible ex-
planation is twinning; serrated yields in stress-
strain curves of single crystals at low tempera-
tures have been reported to originate from defor-
mation-induced twins in copper (Reference 2.58).



2. OXYGEN-FREE COPPER: TENSILE PROPERTIES

C10400: Annealed; : Engineering Stress vs.
Cold-worked Strain (4, 76, 295 K)
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Figure 2.34. Stress-strain curves at three temperatures for annealed C10400 plate (Reference 2.5).
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C10400: Annealed; o Engineering Stress vs.
Cold-worked ) , Strain (4, 76, 295 K)
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Figure 2.35. Stress-strain curves at three temperatures for half-hard C10400 plate (Reference 2.5).
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C10400: Annealed;: ‘ . ' Engineering Stress vs.
Cold-worked ‘ ‘ » Strain (4, 76, 295 K)
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Figure 2.36. Stress-straln curves at three temperatures for hard C10400 plate (Reference 2.5).
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C10100-C10700: Annealed;

Cold-worked

2. OXYGEN-FREE COPPER: TENSILE PROPERTIES

Tensile Properties (All)

Table 2.10. Characterization of Materials and Measurements.

Fleferenee No.

1 2 3 4
Specification C10100 C10200 C10100 C10200
Composition {wt%) '

Cu 99.99+ 99.98 99.99 99.8986

Ag — — 0.005 0.0014

Cu + Ag — — — —

02 -— —_— _— -_

Bl — — 0.0005 0.00007

P — — — 0.0004

Pb — — 0.002 . 0.0006

S — — - 0.0011

Se - — — _ —

Te — — — <0.0002
Others . —_ _ Ni, 0.005; Zn, 0.001 —
(Only 2 0.001 wt%)

Material Condition Annealed, 700 K, Annealed, Annealed, 723 K, Annealed, 573 K,
1 h (a) 500900 K, 2 h 1h - 1h

Graln Size 25 um 17-165 gm 10-15 um 11 4m

Hardness Re 34 — = (c)

Product Form Bar _ Wire, " Wire

0.203-cm-dia.

Specimen Type Round Round Wire Wire

Width or Dia. 1.28 cm 0.4 cm 0.122 em 0.07 cm

Thickness —_ — —_ —

Gage Length 5.1¢cm 6.0em 15.0 cm —

Strain (Load) Rate ) 0.01/min 0.005/min_ d)

No. of .Spedmens — — 4 per temperature 4 ormore

per temperature
Test Temperature 78-296 K 90-295 K 78473 K 4,76, 298 K

(a) - Bars were hot-worked and then annealed.
(b) . Rate of loading was controlled so that area rate of contraction beyond yielding point was kept at about 1.0% per minute.

{c)’ DPH 70 = 10 (2-g load).

(d) Prestrained to 0.02, strain rate 0.004/min during plastic deformation.
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C10100—C10700: Annealed;

2. OXYGEN-FREE COPPER: TENSILE PROPERTIES

Tensile Properties {All)

Cold-worked
5 6 7A 7B 8
C10400 C10200 C10200 C10200 C10100
— 99.9 99.95 © 99.95 99.991
0.027 — —_ —_ 0.0006
99.95 —_ —_ - —
—_— —_ —_ - not detected
—_ - 0.02 0.02 -
— —_ — —_ 0.0004
— — —_ —_ 0.0008
— As, Fe, Ni, Sn, Zn As, NI, Sn, 2n Fe, 0.004
<0.01 <0.01 h
Annealed, 783 K, Annealed, 903 K, . Annealed, 773 K, Annealed, 773 K, Annealed,
1 h, Ar, AC (a) 1.5 h, fumace 2h 2h 773973 K,
cooled 1.25-8.5h
80 um (b) 20 gm 30 um 45 ym 26-320 pm
R: 53 (¢) — —_ _ —_
Plate, — Plate Plate Strip,
_ 3.2-cm-thick 0.3-cm-thick
Round - - _—_— Wire .
064cm —_ —_ —_ 0.2em
4.19 cm —_ — — 10cm
— — — — 0.6/min
11 —_ — — 12
4,76, 205K 77,293 K 295 K 295 K

201 K

(a) Other specimens: Y%-hard and hard (cold-rolled 50% from '%-hard condition).
(b) %“%-hard, 77 um; hard, not measured.
(c) Y-hard, R 80; hard, R, 88.
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2. OXYGEN-FREE COPPER: TENSILE PROPERTIES

C10100-C10700: Annealed;
Cold-worked

Tensile Properties (AI/)".

Table 2.10, continued

Reference No. 9 10 1 12
Specification C10200 C10100 C10200 C10100
Composition (wi%)-

Cu 99.96 99.909+ 99.9 99.99+

Ag — —_ — —

Cu+Ag — — —_ —

0, - - — -

Bi _ — — —

P — — — —_

Pb _ — — —

[ —_ — — —

Se — — — —

Te — _— —_ —_
Others . —_ — —_ —
(Only 2 0.001 wt%)

Matertal Condition Annealed, 894 K, b) Annealed Annealed, various
0.75 h; 1144 K, temperatures, 1 h

0th

Grain Size 34, 190 gm 0.056-8.4 um 20-90 um 3.4-150 gm

Hardness 31.3-405 (a) — — —_

Product Form Bar _ _ —

Specimen Type Round Flat — Round ~

Width or Dia. 0.794 cm 0.32em — 0.8 cm

Thickness —_ 0.053-0.089 cm — —-—

Gage Length 15.2 cm 095¢cm - — 38cm .

Strain (Load) Rate — 0.053/min 0.048/min 0.05/min

0.0004,/min
No. of Specimens — - — —
Test Temperature 295 K 205K - 285K 295K

(a) Diamond-pyramid hardness.
(b) Sputter deposition: substrate temperature-controlled grain size—373 K, 0.056 um; 473 K, 8.4 um.
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2. OXYGEN-FREE COPPER: TENSILE PROPERTIES

C10100—-C10700; Annealed;

Tensile Properties (All)

Cold-worked
13 14 15 16 17A
C10100 C10100 C10100 C10100 C10100
— 99.993+ 99.99 99.995 99.997
—_ 0.0017 — 0.0016 —_
.99.99 — — —_ —_
— _ — <0.0003 -
—_ 0.00006 — trace —_
—_ <0.0003 — 0.0001 —_
— 0.0005 . — 0.0004 —_
— 0.0013 - 0.0012 —_
_ <0.0002 —_— — —
Annealed, 923 K, Vacuum annealed, Cold-worked, 60%, Cold-drawn, 60% Annealed. Others:
1h 922K, 05h cross~rolled cold-rolled, 18—40%
42 um 53 um _— 287-2000 um 40 um
— Re 147 — Ry 45-53 HB 45 (b) '
Bar, Bar, -Plate, Bar (a), —
1.9-cm-dia. 2.54-cm-dia. 1.25-¢m-thick 1.90-cm-dia.

Round Round Round Round Flat
0.64 cm :0.64 cm 0.64 cm 0.64 cm 1.1¢em (c)
_ 3.18cm -— 38cm —_

— 0.05/min - 0.05 cm/min —
: (crosshead)
4205 K 4, 77K 77,300 K 4205 K 295 K

(a) Commercial stock, standard mill.
(b) Cold-rolled, 18%, HB 66; 30%, HB 70; 40%, HB 72.

(c) Before rolling.
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2. OXYGEN-FREE COPPER: TENSILE PROPERTIES

C10100—C10700: Annealed;

Cold-worked

Tensile Properties (All) '

Taae 2.10, continued

Reference No. 178 18A 188 19
Specification C10200 C10200 C10500 C10200
Composition (wt%)

Cu 99.97 (a) 99.94 - 99.95 99.96

Ag —_ — — —

Cu + Ag —_ — —

0, — — — —

Bi — — — § —

P — — -— —_

) — - —

(] — — — —

Se — —

Te —_ _— —_ -—
Others —_ —
(Only 2 0.001 wt%)

Material Condition Cold-rolled, Annealed, 977 K, Annealed 922 K, Annealed, 834 K,
70-90% 1 h. Others: cold- 1 h. Others: cold- 0.5 h (d)

rolled, 11-68.6% rolled, 11-68.6%

Grain Size 38-80 um 1540 um 15-35 um 45-48 um (e)

Hardness HB 114-126 " R 30 () Re 34 (c) : —_

Product Form - Cold-forging, T stip ‘ Strip’ : Sheet (f)
93cm

Specimen Type Flat Flai Flat Flat (g)

Width or Dia. —_ _ | — 1.27cm

Thickness —_ 0.10 em 0.10 em 0318 and 0.64 cm

Gage Length —_ 51cm 5.1¢cm —

Strain (Load) Rate — — — -

NG. of Specimens —_ —_ ‘ —_ —_

Test Temperature 295 K 295 K 295 K 77-297 K

(a) Blectrolytic.

() Cold-rolled, R 90-92 (60-kg load).

(¢) Cold-rolled, Rz 92-95 (60-kg load).

(d) - Other specimens: cold-worked, 6-75%, or hot-rolled and drawn.

(e) ~Cold-rolled, 25-46.5 um; cold-drawn, 40-75 um. :
() Annealed condition, 0.318 and 0.64-cm thick; cold-worked, 0.338 and 0.676-cm thick.
{g) Longitudinal and transverse orientations.

2-76



2. OXYGEN-FREE COPPER: TENSILE PROPERTIES

C10100—-C10700: Annealed; Tensile Properties (All)
Cold-worked :
20 21 22A 228 23
11000 (8) 10100 C10200 C10200 10200

99,95 99.99+ 99.98 99.95 —_
— — — 0.008 —
— —_ <0.0005 _ -
- - <0.01 Zn; 0.001 Fe; —

<0.003 Fe; 0.001 Ni
<0.005 Ni
Annealed, 823 K, Annealed, Annealed Annealed Annealed, 873 K,
1h () 700-894 K, y) ) 2h. AC ()
0.83-1 h (d) ‘
65 um (c) 25 um (e) 25 um (g) 13 pm () —
— Bar, 2.06 or — —_ Bar,
—_ - 2.22-cm-dia. 2.54-cm-dia.
—_ Round Wire Wire Round
— 1.28.cm 0318 cm 0.318 cm 1.18 cm
—_ 5.1 cm 254cm - 254 cm —_
— 1% area — — 0.02/min
reduction per min

— — — — 5

295 K 205 K 295 K 295 K

295 K

'

(a) Possibly equlivalent to C10200; complete analysis not given.

(b) Other specimens: cold-rolled, 11%, 31%.

(¢) Cold-rolled, 11%, 45 um; 31%, 25 gm.
{d) Other specimens: cold-drawn, 34%, 40%, and 70%.

 {8) Cold-drawn, 34% and 40%, 25 um; 70%, 45 ym.
(h Other specimens:
(g) Same grain slze, cold-drawn specimens.
(h) Other specimens: cold-worked, stretched 1-6%.

cold-drawn, 84%.

(i) Same as for cold-worked specimen.

) Other specimens:

cold-drawn, 20-78%.
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2. OXYGEN-FREE COPPER: TENSILE PROPERTIES

C10100—C10700: Annealed;

Cold-worked

Tensile Properties (All)

Table 2.10, continued

Reference No. 24 25A 258 2%
Specification €10100 C10100 © C10500 C10100
Composition {(wt%)

Cu 99.996 99.9943 99.9411 99.997

Ag — 0.0011 0.0537 —

Cu+ Ag — — — —

0, - — — not detected

Bi —_ not detected 0.0001 —

P — — — —

Pb — 0.0002 0.0005 —

S — 0.0011 0.0014 0.0016

Se — 0.0001 0.0003 -

Te - not detected not detected -
Others — Ni, 0.0011 Fe, 0.001 —
(Only 2 0.001 wt%) :

Material Condition Annealed. Other: Annealed. Others: Annealed. Others: Cold-drawn,
cold-drawn, 36% hard-drawn and' 1/2- | hard-drawn and 1/2- 29.2%
hard hard (b) hard (b)
Grain Size 135 gm (a) () (e) 125 gm
Hardness — — — Rg 37.2
Product Form Bar, ' Bar, " Bar, Bar,
1.90-cm-dia 10 x 10 x 137 cm 10 x 10 x 137 cm 1.27-cm-dia.
Specimen Type Round Wire; square bar Wire; square bar Round .
Width or Dia. 1.28 cm d) (d) 0.64,08cm
Thickness —_ —_ _ _— ‘
Gage Length 5.1cm — — 50cm
Strain (Load) Rate - - — —
No. of Specimens — — —_ —
*;st Temperature 305 K 205K 295 K 295K

{

(a) Cold-drawn, 36%, 70 um.
(b) Annealed, 616 K, 3 h, steam. Hard-drawn, 20.5 and 84. 4% (square bar and wire, respectively) Ye-hard, 8. 5 and 37.1%
(square bar and wire, respectively).
(c)’ Annealed, 3545 um.
(d)" 0.203-cm-dia, wire and 0.653-cm square rod.
(e} Annealed, 15-25 um.
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C10100—C10700: Annealed;

N

Tensile Properties (All)

Cold-worked '
27 28A 288 28C 29
C10200 C10100 C10500 C10700 C10200
—_ 99.994 99.9411 99.9182 99.95+
—_ 0.0011 0.05837 0.0755 —_—
—_ not detected 0.0001 0.0001 —_
— 0.0002 0.0005 0.0017 —
— 0.0011 0.0014 <0.0004 —
_ 0.0001 0.0003 <0,0006 —
—_ not detected —_ — —_
—_ Sb, 0.001; Ni, 0.0011 Fe, 0.001 Sb, 0.0012 —_
Cold-drawn, Annealed, 616 K Annealed, 616 K Annealed, 616 K, Hot-rolled. Others:
2-10% 3h(c) 3h(c) 3h () commercial hard,
cold-worked, 37%
(e)
— 3545 um 3545 um 35-45 um —
— Bar, Bar, Bar, ] —_
10 x 10 x 137 cm 10 x 10 x 137 cm 10 x 10 x 137 cm
(a) Flat Fat Flat' Round
(b) 0.653 x 0.653 cm 0.653 x 0.653 cm 0.653 x 0.653 cm 1.3em
- 2.54 cm 2.54 cm 254cm - 5.1 cm
0.0025/min —_ — —_ (d)
295K 205 K 295 K 295 K 295 K

(@)

©
(&)
(o)

Round and rectangular.
0.77-cm dia., 0.25-cm dia., and 2.2 x 0.28-cm cross sections.

Other specimens: cold-drawn, 5%; cold-rolled, 5%, 20%, 30%, 40%.

Minimum values; 0.001/min to yield point, then 0.01-0.02/min.

Electrolytic.
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C10100-C10700: Annealed; \ " Tensile Properties (All)
Cold-worked

Table 2.10, contlnued

heference No. 30A 308 31 . 32
Specification - "C10100. . C10500 C10200 C10200
Cbmposltion {wt%) ‘

Cu . 99.995+ 99.924 _ 99.97

Ag 0.001 0.072 —_ 0.003

Cu+Ag R— —_ _ —

0, 0.0002 0.0002-0.0003 — 0.032

Bi - not detected not detected — —_

P not detected not detected — -

Pb 0.0003 0.0003 — ’ —

S 0.002 . 0.002 — —

Se - — — - —_

Te not detected not detected —_ —
Cthers — —_ —_ Fe, 0.005
(Only 2 0.001 wit%

Material Condition ‘Annealed (a) Annealed (a) Annealed, 873 K, Annealed, 723 K.
- . : 1h (e) Others: cold-
* rolled, 9.0-89.4%
Grain Size 40 um (b) 40 gm (b) — —
Hardness VPN 36.8 (c) VPN 37.8 (d) VPN 45 (f) D.P. 48 (g)
Product Form Stip, . Strip, Bar, Strip,
3.18 x 0.3cm 3.18 x 0.3cm 1.9-cm-dla. 1.17-cm-thick
‘ Sp;eclmen Type Flat ' Flat ‘ Round Flat
Width or Dia. — —_ 0.8 em 30 em
Thickness : — — —_ 0.13cm
Gage Length ., - — " 13cm —
Strain (Load) Rate - R - —
Nt;. of Specimens — —_ —_ 1
Test Temperature 205 K 205 K 205 K 205K

(a) Other specimens: cold-drawn, 10 and 25%; 50% reduction achieved by cold-drawing 32% followed by cold-rollmg.
(b) Cold-worked, 10%, 40 um; 25%, 35 um; 50%, unspecified. .
(c); Cold-worked, 10%, VPN 91.0; 25%, VPN 101.3; 50%, VPN 111.0 (20-kg load).
(d) Cold-worked, 10%, VPN 93.4; 25%, VPN 102.0; 50% VPN 115.0 (20-kg load).
(e) Other specimens: cold-worked, 21%, 37%.
Cold-worked, 21%, VPN 70; 37%, VPN 104.
(g) Cold-rolled, D.P. 77-121.
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C10100—C10700: Annealed; Tensile Properties (All)
Cold-worked ‘
33 34 35 36 37
C10700 C10400 C10200 C10200 C10200 .
99.87 —_ — —_ —
0.088 0.027 — — —_
— 99.95 - — —
0.003 —_ — —
0.0022 — - -
not detected — —_ —
0.0008 - — —
0.0010 —_ — — —
Al, 0.0054; Sn, — - — —
0.0093; Te,
0.001; Zs, 0.0022
Cold-rolled, 40% Annealed, 773 K, Annealed. Others: Hard, tested Annealed, 798 K,
‘ 1.5h (b) cold-worked, * without further 6 h (). Other: cold-
5-50% treatment (f) worked, 11.5%
— —_ — (9) 110 gm
R: 85.75 (a) {©) (@) Rg 57 (h) . —
Plate, Plate, — Bar (i), -
2.5-cm-thick 3x8x28cm 1.9-cm-dia. ‘
Flat Round — Round Round
0.76 ecm 0.64 cm 0.05cm 0.64 cm () 1.28 cm
0.61 cm —_ — — —
25¢m 38cm —_ - 254 cm (k) —_ .
— 0.02 em/min — 0.0005/min to yield; —
(crosshead) then 0.02/min
— d — — —
295 K 4,76, 295 K 4K 20-300 K 72, 188, 225 K

(a) Mean of 392 data points, standard deviation 1.53, range 80.5-89.0.

(b) Other specimens: cold-rolled, 10, 20, 30, 40, 50, 60%.
(c) Respective R values corresponding fo 10, 20, 30, 40, 50, 60% cold work were 81, 82, 87, 89, 90, 91.
(d) One specimen per temperature and cold-worked condition.
(e) Hardness avallable on 21% cold-worked only, 92.8-93.2 (Vickers hardness scale)
() Other specimens: foil, annealed, 473 K, 8 h, He; wire, annealed.
(g) Foll, 14 um; square wire, 11 um.

(h) Foll, not specified; wire, R 49.

(i) Foil, 0.025 cm; square wire, 0.318 cm.
() Foil coupon, 1.3-cm wide; square wire, 0. 203-cm? cross secﬂon
(k) Foll, 5.1 em; square wire, 3.0 cm,

() Annealed In vacuum and then furnace-cooled.
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C10100—-C10700: Annealed;

Cold-worked

TENSILE PROPERTIES

Tensile Properties (All)

Table 2.10, contlnued

B

Reference No. 38 39 40 41
Specification C10100 C10100 C10200 C10200
Composition (wt%) ‘

Cu 99.999 — 99.97 99.97

Ag 0.00003 — — —

Cu+ Ag —_ 99.99 — —

o, —_ — — -

Bi 0.0001 —_ J— —_—

P - — —_ —

Pb 0.0001 — — —

S 0.0001 — —_ -

Se 0.0001 — _ —_

Te 0.0002 — —_ —
Cthers — — — —_
(Only 2 0.001 wt%

Material Condition . Annealed, - ‘Annealed, Annealed, 700 K, Annealed, 873 K,
523-1223 K, 1 h, H, soft 5 h. Other: cold- Ar, several h
rolled, 75%
Grain Size 12-90 gm 65 um — ‘ —
Hardness _ R, 86 — —
Product Form Bar, Bar, Bar, Bar
: 0.919-cm-dia. 1.9-cm-dia. 2.22¢cm-dia. '
Specimen Type Wire Round Round Round
Width or Dia. 0.076 em 0.45cm — 0.159 em’
Thickness — — — —
Gage Length 127 em 3.18cm —_ 0.5¢cm
Strain (Load) Rate (a) 0.0508 em/min and — —

0.508 cm/min (b)

No. of Specimens — — — —
Test Temperature 20-1223 K 20295 K 85-300 K 4-293 K

(a) 0.04/min to 0.09 strain; then 0.004/min.

(b} Crosshead.
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2. OXYGEN-FREE COPPER: TENSILE PROPERTIES

C10100-C10700: Annealed; Tensile Properties (All)
Cold-worked
42 43 4 45 46A
C10200 C10200 C10200 C10200 C10200

— 99.982 99.97 —_ —

— 0.003 — —_ —

p— <0.0001 — — —

— 0.001 — —_ —_

— Fe, 0.005 — — —_

Annealed (a) Annealed, Annealed, 700 K Annealed (d) Annealed (f)
‘ 773-923 K, 2h,AC (c) ‘ ‘
0.5-1h (b)
—_ —_ _ VPN 88.5 (e) —_
Wire, Bar, Bar, Bar, —
. 0.127-cm-dia. 2.22-cm-dia. 1.9-cm-dia. 305 x.5.1 x 1.3¢cm

Wire Round - - Flat Wire
0.127 em 1.43cm — 13cm —_
_— 5.1em —_ 5.1cm -

— 0.05/min — 0.25 cm/min —

(crosshead)
298 K 295 K 295 K 25K 235K

(a) Other specimens:
(b) Other specimens:
(c) Other specimens:
(d) Other specimens:

cold-drawn 13-85% at 298 K.

cold-drawn, 23%.

extended by tension 9.8% and 24%; cold-drawn 36% and 54%; cold-rolled 75%.

cold-rolled, 30-98.6%.

(e) Cold-worked, VPN 98.5-126.
(f) Other specimens: cold-worked, 50%; type of cold work not specified.
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Cold-worked

2. OXYGEN-FREE COPPER: TENSILE PROPERTIES

Annealed;

Tensile Properties (All)

Table 2.10, cbntinued

Reference No. 468 47A 478 48
Specification " C10200 C10100 C10200 C10100
Composition (wt%)

Cu - 99.999 99.991 99.999

Ag —_ <0.00003 0.0014 <0.00003

Cu + Ag — — — —_

0, 0.03 — — —

Bi —_ <0.00001 0.00002 <0.00001

P — — — —_

Pb — <0.0001 0.0003 <0.0001.

s - <0.0001 0.0037 <0.0001

Se — <0.0001 <0.0001 <0.0001

Te — <0.0002 0.0001 <0.0002
Others — — Ni, 0.0015 —
(Only 2 0.001 wt%
Material Condition Annealed (a) Annealed, Annealed, Annealed, 773 K,

293-732 K (b)’ 293-723 K (¢) - 1h (@)
Grain Size — 20, 25 ym 20 um 3540 ym
Hardness _ — —_ —_
Product Form — Bar, hot-rolled, Bar, hot-olled, Cast bar,
. . 0.794cm-dia. - 0.794-cmddia. - 0.952-cm-dia.

Specimen Type Wire Wire } Wire Wire
Width or Dia. — 0.2cm 0.2¢em 0.206 cm
Thickness — — —_ —
Gage Length — 15.2em 356 cm 25cm
Strain (Load) Rate — — — 0.0125/min
No. of Specimens —_ — — _
Test Temperature 205 K 295 K 295 K 205 K

(a) Other specimens: cold-worked, 50%; type of cold work not specified.
(b) Other specimens: cold-drawn, 20.8-93.4%. '

(c) Other specimens: cold-drawn, 4.8-93.4%.

(d) Other specimens: cold-drawn, 50-87.5%.
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2. OXYGEN-FREE COPPER: TENSILE PROPERTIES

C10100-C10700: Annealed; Tensile Properties (All)
Cold-worked ‘
49 50 51 52 53
C10200 C10200 C10200 C10200 C10200
— 99.985 99.6 99.985 —
Cold-drawn, 62.5% Annealed (a) Annealed, 1073 K, Annealed Annealed, 1023 K.
AC : Other: cold-drawn,
64% and 96%
150 gm _— — —_ —_
— - Brinell 59, 63 — _
— Bar, — —_ Wire
2.54-cm-dia.
— Rbund Round — Wire
— 1.432 cm 0.3 cm 0.064 cm
—_ . 51cm 30cm —_
295 K 93-293 K 20, 295 K 113-293 K . 80-283 K

(a) Tested as received.
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C10100—C10700: Annealed;

Cold-worked

Tensile Properties (All)

Table 2.10, continued

Reference No. 54 55 56 57
Specification C10200 C10200 C10200 C10100
Composition (wi%)

Cu 99.98 - 99.96 99.95 99.99

Ag — — — —~

Cu+Ag _— —_ — .

02 - — -_— —

B — — — -

P — —_ — 0.0003

Pb — — — —_

S — — — 0.0018

Se —_ — — -

Te — —_ — —
Others -_ — —_ —_
(Only 2 0.001 wit%

Material Condition Hot-rolled Annealed. Other: Annealed, 478 K, * Vacuum annealed,

1/2 hard, cold- 1h 920K, 1 h
drawn, 21%

Grain Slze _ 32-170 um (a) — —

Hardness - R 13.8-18.2 {b) L —- —

Product Form . Plate, — Plate, Wrought bar stock,
40 x40cm 1.3 and 1.6-cm- 2.54-cm-dia.

thick

Specimen Type Round Round Round . Round

Width or Dia. 2cm 0.793 cm 0.51ecm 0.635cm

Thickness —_ — —_ —_

Gage Length 10 cm — —_ 254 cm

Strain (Load) Rate — — — —

No. of Specimens —_ — 1 per temperature -

Test Temperature 196-293 K 295 K 4,77.295K 4,78, 300 K

(a);"-' Cold-drawn, 21%; not available.
(o) . Cold-drawn, 21%; R 81.8-91.2.

.
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2. OXYGEN-FREE COPPER: TENSILE PROPERTIES

C10100—C10700: Annealed; * - Tensile Properties (All)
Cold-worked :
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3. OXYGEN-FREE COPPER: IMPACT PROPERTIES

- C10100: Annealed;
Cold-worked

Impact Energy (Charpy V-Notch)
vs. Temperature (76—295 K)

DATA SOURCES

Charpy V-notch impact energy measure-
ments from 76 to 295 K on annealed C10100
copper were obtained from References 3.1 and
3.2. The product forms of the material were bar
(Reference 3.1) and plate (Reference 3.2). Similar

- measurements over the same temperature range
on 60% cold-drawn C10100 copper were reported
in Reference 3.3. Product was in bar form. Data
at lower temperatures are not reported here be-
cause of the large temperature rise that occurs in
impact tests below 76 K in ductile materials.

RESULTS

Figure 3.1 presents the impact data as a
function of temperature. Only the average values

from Reference 3.1 are shown, but all reported
measurements are given in Table 3.1. The avall-
able characterization of materials and measure-
ments is given in Table 3.2 at the end of the im-
pact properties section.

DISCUSSION

Impact energies are lower for the cold-
worked copper, as expected. The measurements
reported in Reference 3.1 were made on half-size
specimens, and were multiplied by a factor of
two. .

" Table 3.1. Impact Energy Dependence on Temperature (76-295 K).

Impact Energy, .| Test Temperature, Reference
J K No.
142 295 1
141 295 1
144 295 1
155 195 1
153 195 1
156 195 1
182 76 1
168 76 1
180 - 76 1
168 79 2
173 123 2
173 173 2
162 224 2
152 291 2
130 295 3
137 195 3
129 76 3

31



‘3. OXYGEN-FREE COPPER: IMPACT PROPERTIES

C10100: Annealed; - Impact Energy (Charpy V-Notch)

. Cold-worked : vs. Temperature (76—295 K)
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Figure 3.1. The Impact energy dependence on test temperature indicates a decrease in Impact energy
with increasing temperature for annealed material (References 3.1 and 3.2). The temperature
dependence for cold-worked material (Reference 3.3) is unclear. All data are presented in Table
3.1. Product forms Include bar and plate.
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3. OXYGEN-FREE COPPER: IMPACT PROPERTIES

C10100: Annealed;
Cold Worked .

Impact Energy (Charpy V-Notch)
-v8. Temperature (76295 K)

Table 3.2. Characterization of Materlals and Measurements.

Reference No. 1 2 3
Specification C10100 C10200 C10100
Composltion (wt%)
Cu — 99.50
Ag —_ —_ 0.002
Cu + Ag 99.99 — ‘
02 _— —
Bi — —
P —_ 0.07
Pb — <0.002
-8 — — 0.001
Se . —_ —
Te — —
Others — Ni: 0.04; Fe: 0.001;
(Only 2 0.001 wt%) As: 0.37; Sb: 0.003;
Sn: <0.002
Material Condition Annealed Annealed Cold-drawn, 60%
Grain Size ‘ 65 um — 287-2000 gm
Hardness R, 86 — Ry 45-53
Product Form Bar, Plate Bar,
1.91-cmdia. 1.91cm-dia.
Specimen Type Sub-standard Charpy V-notch Charpy V-notch.
‘ Charpy V-notch,
0.5cm-thick,
55 x08cm
No. of Specimens 3 per temperature - —
Test Temperature 76-295 K 77333 K 76-295 K
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4. OXYGEN-FREE COPPER: FATIGUE PROPERTIES

© €10100, C10200, C11000: Annealed

Stress-controlled Axial Fatigue
Life (Air, 295 K)

DATA SOURCES AND ANALYSIS

Measurements of the maximum stress (o)
versus the number of cycles to fallure (N) for
annealed copper were obtained from 17 sources
(References 4.14.17). R-ratios, where stated,
were —1, except for tests reported in Reference
" 4.12 which R varled from 0.12 to 0.19 (R = mini-
mum stress/maximum stress). In some cases,
the R-ratio could not be determined from the
description of testing methods provided. The 148
measurements of the data set were plotted to-
gether and analyzed to determine whether the
o, — N relation could be expressed mathemati-
cally.

RESULTS

Because of the relatively small range of o,,
compared to a variation in N over several orders
of magnitude, stress-controlled fatigue life data
are often presented in-a semi-logarithmic plot.
However, it was found that the data could best be
fitted by a log-log expression. In exponential
form, the equation obtained Is '

o, (MPa) = 271 N°74, (4-1)
The standard deviation of the exponent of N is
0.005. The standard deviation of the fit to the
data (in logarithmic form) is 0.079.

Table 4.1 'presents the number of cycles to
failure, the measured values of maximum stress,
the maximum stress values calculated from the
regression equation, and the reference number.
Selected points from the curves fitted to the 77
and 295 K data of Reference 4.17 are presented
in Table 4.1 because the Individual data points
are so numerous. The available characterization
of materials and measurements is given in Table
4.6 at the end of the fatigue properties section.

Figure 4.1 indicates the fit of the data to
Equation (4-1), and Figure 4.2 presents these re-
sults in summary form. The scatter bands repre-
sent two standard deviations about the straight
line fitted by least squares to the data in logarith-
mic form. The variance of the data about the line
was assumed to be normally distributed and con-
stant throughout the range of the independent
variable, log N.

DISCUSSION

An increase in the annealing temperature
has been shown to cause a decrease in the fa-
tigue life (References 4.3 and 4.11). Variations in
annealing temperature may account for some of
the variance of the data shown in Figure 4.1.

Table 4.1. Depehdence of Maximum Stress upon Number of Cycles to Failure of Annealed Material

(295 K). .
Cycles, Maximum Stress, Maximum Stress, Reference
N Measured, Calculated, No.
MPa MPa
280 378.0 250.0 7
810 - 326.0 © 225.0 7
2800 280.0 199.0 7
6300 128.0 184.0 | 17
7900 167.0 179.0 5
7900 252.0 179.0 7
8900 159.0 177.0 S
10000 175.0 175.0 4
14000 152.0 170.0 5 -
20000 160.0 164.0 4
20000 117.0 164.0 17
28000 213.0 158.0 7
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4. OXY@‘EN-FREE ‘COPPER: ‘FATIGUE PROPERTIES

C10100, C10200, C11000: Annealed

Stress-controlled Axial Fatigue

Lite (Air, 295 K)

Taf:lé 4.1, continued

Cycles, Maximum Stress, Maximum Stress, Reference
N Measured, Calculated, No.
MPa MPa
. 32000 165.0 156.0 4
32000 140.0 156.0 5
33000 110.0 156.0 16
40000 112.0 153.0 17
50000 160.0 1500 4
56000 199.0 147.0 7
60000 106.0 147.0 17
63000 150.0 146.0 4
§3000 140.0 146.0 T4
72000 183.0 144.0 14
75000 103.0 144.0 16
79000 125.0 143.0 5
79600 125.0 142.0 [

100000 108.0 140.0 2 .
100000 160.0 140.0 4
120000 103.0 137.0 17
130000 155.0 136.0 4
160000 110.0 133.0 5
200000 145.0 130.0 4
210000 80.0 130.0 16
250000 140.0 127.0 4
250000 .103.0 127.0 5
250000 77.2 127.0 9
300000 193.0 125.0 14
350000 98.0 123.0 5
380000 183.0 122.0 14
400000 120.0 122.0 4
400000 192.0 122.0 14
440000 193.0 121.0 14
460000 83.0 120.0 16
470000 150.0 120.0 12
470000 183.0 120.0 14
500000 130.0 119.0 4
630000 183.0 116.0 14
646000 89.2 116.0 8
760000 179.0 114.0 14
810000 183.0 113.0 14
890000 135.0 112.0 12
930000 179.0 1120 14
952000 83.4 112.0 15
1000000 93.0 111.0 2
1000000 83.0 111.0 5
1000000 113.0 111.0 12
1050000 76.0 111.0 16
1080000 83.4 110.0 15
1100000 134.0 110.0 12
1100000 121.0 110.0 12
1150000 83.4 110.0 15
1200000 110.0 109.0 12
1200000 179.0 109.0 14
1450000 83.4 107.0 15




4. OXYGEN-FREE COPPER: FATIGUE PROPERTIES

C10100, C10200, C11000: Annealed

Stress-controlled Axial Fatigue
Life (Air, 295 K)

Table 4.1, continued

Cycles, Maximum Stress, Maximum Stress, Reference
N Measured, Calculated, No.
MPa MPa .
1480000 83.4 107.0 15
1500000 165.0 107.0 14
1600000 120.0 106.0 3
1600000 105.0 106.0 4
1600000 76.0 106.0 5
1700000 165.0 105.0 14
1800000 98.0 105.0 3
1900000 83.4 104.0 15
1900000 165.0 104.0 14
2000000 77.0 104.0 2
2000000 100.0 104.0 7
2000000 103.0 104.0 12
2100000 165.0 103.0 14
2500000 95.0 101.0 3
2800000 94.0° 100.0 3
2800000 99.5 100.0 13
. 3000000 120.0 99.7 12
3200000 69.0 99.0 5
3230000 81.8 98.9 1
3500000 92.0 98.2 3
3800000 95.1 97.4 13
4000000 113.0 96.9 3
4200000 95.1 96.4 - 13
4620000 77.2 95.5 1
4800000 152.0 95.1 14
5000000 91.0 94.8 3
5490000 7.5 93.9 8
5600000 114.0 93.7 3
5600000 92.0 93.7 3
5600000 61.2 93.7 5
5640000 77.2 93.6 1
5880000 78.7 93.2 1
6000000 62.0 93.1 9
6080000 74.1 92.9 1
6310000 72.6 92.6 1
7100000 88.0 91.5 3
7390000 76.0 91.2 1
- 8450000 77.2 90.0 K
8800000 85.0 89.5 BE]
8900000 85.3 89.5 13
10000000 62.0 88.5 2
10000000 94.0 88.5 12
11000000 109.0 87.6 3
11600000 72.0 87.2 10
14000000 108.0 . 85.6 3
14000000 85.0 85.6 3
14000000 75.5 85.6 13
14800000 73.8 85.1 8
15000000 138.0 85.0 14
16000000 107.0 84.4 3
16000000 108.0 84.4 3
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4. OXYGEN-FREE COPPER.; FATIGUE PROPERTIES

C 10100, C10200, C11000: Annealed : ‘ Stress-controlled Axial Fatigue
: ‘ . Life (Air, 295 K)

Table 4.1, continued , ‘ . ’

Cycles, Maximum Stress, Maximum Stress, | Reference
N Measured, Calculated, No.
MPa MPa
16000000 56.4 84.4 5
18000000 109.0 83.5 3
18200000 70.3 83.4 1
19000000 . 75.5 . 83.0 13
* 20000000 111.0 82.6 3
20000000 82.0 828 3
20000000 64.8 82.6 1
22000000 105.0 81.8 3
22200000 71.0 81.8 1
23200000 69.5 814 1
24000000 §9.8 681.1 8
24000000 75.5 81.1 13
28000000 105.0 79.9 3
28200000 75.7 ‘ 79.8 1
30100000 69.5 79.3 1.
31400000 ‘ 72.6 79.0 1
33900000 85.5 78.4 8
35000000 71.1 78.1 13
37300000 8.7 775 1
38200000 §9.0 775 10
38600000 68.7 77.4 1
52000000 66.2 751 13 -
130000000 102.0 68.6 3
210000000 61.8 85.4 13
211000000 62.2 5.4 8
250000000 - 101.0 64.3 3
440000000 55.9 60.8 13
560000000 69.0 59.4 3
630000000 101.0 ‘ 58.7 3
720000000 53.0 57.9 13
1000000000 53.0 56.1 13
1000000000 48.1 © 446 13
1300000000 48.1 435 13
1400000000 A 43.2 13
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4. OXYGEN-FREE COPPER: FATIGUE PROPERTIES |

C10100, C10200, C11000: Annealed . Stress-controlled Axial Fatigue
Life (Air, 295 K)

0> o e o T N R R AR IiIT[IlH T TT

295K

Annealed

200

/[ /

100

MAXIMUM STRESS, MPa
_ ‘
o

60

\\
golt vl vl b e vl an \|||1"1||1

102 10 104 10° 10® 107 100® 107 10° 10"
FATIGUE LIFE, cycles -

Figure 4.1. The data shown were used to compute the regression of maximum stress upon the number
of cycles to fallure [Equation (4-1)]. For clarity, overlapping data points are omitted from the figure.
All data are presented In Table 4.1. Tests discontinued before failure are marked by an arrow.
Product was predomlnately in bar form. The R-ratios are discussed in the text.
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4. OXYGEN-FREE COPPER: FATIGUE PROPERTIES

C10100, C10200, C11000: Annealed Stress-controlled Axial Fatigue
Life (Air, 295 K)
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Figure 4.2. Dependence of maximum stress at 295 K upon number of cycles to failure. The scatter
band represents two standard deviations about a linear regression equation based upon 148
measurements. The regresslon equation is

o(MPa) = 271 N7,

The uncertainty of the expénent is + 0.005, where 0.005 equals one standard deviation as deter-
mined in the regression analysis. The R-ratios are discussed in the text.
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4. OXYGEN-FREE COPPER: FATIGUE PROPERTIES

, C10100—C10200: Annealed

Stress-controlled Axial Fatigue Life
vs. Grain Size (Air, 295 K)

DATA SOURCES AND ANALYSIS

Data on the grain-size dependence of the
stress-controlled fatigue life at 295 K were ob-
tained from Reference 4.5. The R-ratio was —1.

RESULTS

Figure 4.3 shows the Improvement in fatigue
life with smaller grain size. This figure Is adapted

from a figure presented in Reference 4.5. The ef-
fect-of grain size Is negligible for long fatigue life.
The available characterization of materials and .
measurements is given in Table 4.6 at the end of
the fatigue properties section.

200 T T 171 I T T T T T I
‘ \ 295K |
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~2 \
P
¥ 100
= \
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o 1 11 N . | | | d 1 11 L
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FATIGUE LIFE, cycles

Figure 4.3. Data on the grain-size dependence of stress-controlied fatigue life are shown. The grain
sizes are indicated in the figure. A test discontinued before failure is marked by an arrow. This
figure is adapted from a figure presented in Reference 4.5. The R-ratio is —1.
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4. OXYGEN-FREE COPPER: FATIGUE PROPERTIES

C10100, C10200, C11000: Annealed

Stress-controlled Axial Fatigue
Life (Air/Liquid, 4—295 K)

DATA SOURCES AND-ANALYSIS

- Measurements of the maxirnum stress below
room temperature versus the number of cycles to
failure were obtained from References 4.4, 4.6,
4.16, 4.18, and 4.19. The R-ratios were —1 for all
measurements. All material was annealed. Be-
cause of the large number of points at 77 K and
room temperature reported in Reference 4.17,
data'were abstracted from the smoothed curves
fitted to the Individual points. One extensive set
of data at 4, 20, 90, and 293 K is on a C11000
copper (Reference 4.4), but a few measurements
on a C10200 copper in the same apparatus (Ref-
erence 4.7) showed the same magnitude of fa-
tigue life change with temperature. Measure-
ments below room temperature were obtained
with the specimens in a cryogenic liquid.

RESULTS

Table 4.2 presents the temperature, the
number of cycles to failure, the maximum stress,
and the reference number. The available charac-
terization of materials and measurements is given
in Table 4.6 at the end of the fatigue properties
section.

Figure 4.4 shows the data at room and low
temperatures from the five references. Data from
each’reference show significant increase of fa-
tigue Tife at low temperatures, in contrast to low-

“temperature data {also in liquid) from strain-con- -
trolled fatigue tests (see Figure 4.11).

DISCUSSION

Results reported in References 4.4, 4.6, and
4.18 are inquantitative agreement. These results
were obtained at one laboratory on the same
apparatus. Results of References 4.16 and 4.17
are in approximate quantitative agreement (with
each other) as would be expected from the simi-
larity in tensile strengths (380 and 340 MPa, re-
spectively, at 77 K). Although these two groups
of results are in qualitative agreement in that the
fatigue life increases as the temperature decreas-
es, there is considerable quantitative disagree-
ment, as is evident in Figure 4.4. Differences in
ultimate tensile strengths could account for the
discrepancy. The tensile strength is not reported
in References 4.6 and 4.18, but in Reference 4.4 it

‘is reported to be 430 MPa at 77 K for C11000

copper. This value is somewhat higher than the
values reported in References 4.16 and 4.17 for
C10100 copper. Since the yield strength of cop-
per does not increase much with decreasing
temperature, but the tensile strength does, stress-

-controlled fatigue life appears to be best correlat-

ed with tensile strength.

" Fatigue life was found to be considerably
shorter at 4 and 20 K when the full load was ap-
plied rapidly rather than being built up gradually
over a period of several thousand cycles (Refer-
ence 4.4). This effect was only found to be signif-
icant at these temperatures.

Table 4.2. Dependence of Stress-Controlled Fatigue Life‘upon Temperature (4-295 K).

.Test Cycles, | Maximum Stress, | Reference
Temperature, N MPa No.

. K
4 52000 304 4
4 85000 294 4
4 310000 288 4
4 630000 273 4
4 | 1800000 257 4
4 | 2000000 240 6
4 16000 320 18
4 41000 301 18
4 180000 292 18
4 500000 272 18
4 | 3000000 268 18
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4. OXYGEN-FREE COPPER: FATIGUE PROPERTIES

C10100, C10200, C11000: Annealed . Stress-controlled Axial Fatigue
Life (Air/Liquid, 4—295 K)

Table 4.2, continued

Maximum Stress, Reference
MPa No. -
263 17
4 45000 236 17
4 45000 276 17
4 63000 209 17
4 110000 . 214 17
4 230000 199 17
4 370000 207 17
20 31000 298 4
20 68000 293 4
20 120000 257 4
20 130000 282 4
20 140000 283 4
20 150000 27 4
20 150000 265 4
20 180000 250 4
20 210000 263 .4 -
20 410000 255 4 o
20 | 1190000 245 4 .
20 1230000 232 4 .
20 | 10000000 236 4 "
20 | 14400000 . 240 4 -
20 2000000 220 6
20 12300 01 18
20 93000 282 18
20 300000 261 18
20 2600000 242 18
v 22000 173 17 .
77 40000 171 17
77 60000 169 17
77 100000 162 17
77 200000 156 17
77 310000 152 17
77 280000 138 16
7 480000 131 16
77 1070000 117 16
” 1160000 124 16
90 69000 208 4
90 180000 197 4
90 340000 188 4
90 950000 175 [
o0 6200000 163 a
90 2000000 160 6
293 10000 175 4
293 20000 160 4
293 32000 165 4
293 50000 160 4
293 63000 150 4
293 63000 ‘ 140 4
293 100000 160 4
293 130000 155 4
293 200000 145 4




4. OXYGEN-FREE COPPER: FATIGUE PROPERTIES

C 10100, C10200, C11000: Annealed

~Stress-controlled Axial Fatigue

Life (Air/Liquid, 4295 K)

Table 4.2, continued

Test Cycles, Maximum Stress, [. Reference
Temperature, | N i MPa No.
" _ | ‘

293 250000 140 4 |
293 400000 120 4
293 500000 130 4
293 1600000 105 4
293 2000000 100 6
295 6300 128 17
295 20000 117 17
295 40000 112 17
295 60000 106 17
295 120000 103 17
298 33000 110 16
298 75000 103 16
298 210000 90 16
298 450000 83 16
298 1050000 76 16
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4. OXYGEN-FREE COPPER: FATIGUE PROPERTIES

C10100, C10200, C11000: Annealed © Stress-controlled Axial Fatigue
‘ Co Life (Air/Liquid, 4—295 K)
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Figure 4.4. Measurements of the stress-controlled fatigue life at different temperatures are shown. For
clarity, overlapping data points are eliminated from the figure. All data are presented In Table 4.2.
Products were in bar and sheet form. The tests reported in Reference 4.4 were carried out on
copper with an oxygen content of 0.03 wt%, which is closer to the C11000 specifications than to
C10100 or C10200. All R-ratios were —1.
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4. OXYGEN-FREE COPPER: FATIGUE PROPERTIES

C11000: Annealed

Stress-controlled Axial Fatigue Life
(Air, Liquid/Vacuum, 77 K, 295 K)

DATA SOURCES AND ANALYSIS

Data comparing the maximum stress versus
the fatigue life for annealed specimens of C11000
copper tested In air of varying moisture content
and partial vacuum were obtained from Refer-
ences 4.1 and 4.16. The R-ratios were —1.

RESULTS

Figure 4.5 shows the improvement In fatigue
life for specimens tested in vacuum at both 77
and 295 K. The available characterization of
materials and measurements Is given in Table 4.6
at the end of the fatigue properties section.

DISCUSSION

Data from Reference 4.1 shown Iin Figure 4.5
~ shows that the fatigue limits obtained In air and in

damp, purified air were similar, whereas the re-
sults in dry, purified air approached those ob-
tained in vacuum. These results indicate that the
apparent atmospheric corrosion fatigue effect is
due to the catalytic action of water in the pres-
ence of oxygen. Strain-controlled fatigue testing
has corroborated this result (see References 4.10
and 4.20). ’

Data reported in Reference 4.15 indicate that
electrodeposited coatings (applied to electropol-
ished material) also improve fatigue life. Presum-
ably, some mechanism of protection of the sur-
face from the atmasphere Is operating.



4. OXYGEN-FREE COPPER: FATIGUE PROPERTIES

C11000: Annealed ' Stress-controlled Axial Fatigue Life
‘ ~ (Air, Liquid/Vacuum, 77 K, 295 K)
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Figure 4.5. Data on the differences in fatigue life of copper at 77 K and room temperature in various
atmospheres and in vacuum are shown. Data are from References 4.1 and 4.16. Tests discontin-
ued before failure are marked by an arrow. The R-ratios are —1.
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4. OXYGEN-FREE COPPER: FATIGUE PROPERTIES

C10100, C10200, C10700: Cold-worked

Stress-controlied Axial
Fatigue Life (Air, 295 K)

DATA SOURCES AND ANALYSIS

. Measurements of the maximum stress (o)
versus the number of cycles to failure (N) for
copper cold-worked at room temperature were
obtalned from References 4.7, 4.13, 4.21, and
4.22. The R-ratios reported in References 4.7 and
4.13 were —1, and Reference 4.22 reported
R = 0. (R = minimum stress/maximum stress).
In Reference 4.21, the R-ratio could not be deter-
mined from the descriptlon of testing methods
provided. The total of 28 measurements on spec-
Imens with 5 to 82% cold work, CW, (reduction of
area or thickness) were plotted and analyzed in -
the same manner as were the measurements on
annealed specimens. The mode of fatigue testing
reported in Reference 4.21 may not be axial;
however, the data were Included because they
were in agreement with other results, and
because these were the only data available on
C10700 material. Also, Reference 4.23 reports
agreement at room temperature on fatigue life -
determined from axlal and bend tests.

RESULTS

Despite the range of CW represented in the
data, it was found that the data could be well-
represented by one log-log expression (see pre-
ceding discussion and figures for measurements
on annealed specimens). In exponential form,
the equation obtained is

0,(MPa) = 310 N, (4-2)
The standard deviation of the exponent of N is
0.008. The standard deviation of the fit to the
data in logarithmic form is 0.087.

Table 4.3 presents the number of cycles to
failure, the measured values of maximum stress,
the maximum stress values calculated from the
regression equation, and the reference number.
The available characterization of materials and
measurements Is given in Table 4.6 at the end of
the fatigue properties section.

Figure 4.6 indicates the fit of the data to
Equation (4-2) and Figure 4.7 presents these
results in summary form. The scatter bands rep-
resent two standard deviations about the straight
line fitted by least squares to the data in logarith-
mic form. The varlance of the data about the line
was assumed to be normally distributed and con-
stant throughout the range of the independent
variable, log N.

DISCUSSION

Fatigue life improves with CW. This is
shown by the individual data points from Refer-
ences 4.21 and 4.22, and by a comparison of Fig-

© ures 4.2 and 4.7.

Table 4.3. Dependence of Maximum

Stress upon Number of Cycles to Failure for Cold-worked Material

(295 K). ‘

‘Cycles, Maximum Stress, | Maximum Stress, | Reference
N Measured, Calculated, No.
MPa MPa

320 445.0 426.0 7
1000 401.0 A 7
3200 3300 322.0 7
3800 329.0 315.0 7
5100 313.0 304.0 7
7100 313.0 292.0 7

11000 280.0 277.0 7
14000 278.0 269.0 7
26000 249.0 247.0 7
220000 165.0 192.0 21
1000000 139.0 159.0 22
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4. OXYGEN-FREE COPPER: FATIGUE PROPERTIES

C10100, C10200, C10700: Cold-worked

Stress-controlled Axial
Fatigue Life (Air, 295 K)

Table 4.3, continued

Cycles, Maximum Stress, | Maximum Stress, | Reference

N Measured, Calculated, No.
MPa MPa

1000000 140.0 159.0 22
1000000 156.0 159.0 22
1000000 172.0 159.0 22
1000000 197.0 159.0 22
1100000 130.0 158.0 21
2200000 165.0 145.0 21
3200000 165.0 138.0 21
8700000 100.0 122.0 13
11000000 95.0 119.0 21
14000000 95.1 116.0 13
56000000 120.0 97.5 21
58000000 84.3 97.1 13
89000000 85:3 92.2 13
100000000 80.0 90.9 21
110000000 110.0 83.8 21
~ 160000000 81.4 85.8 13
220000000 80.9 82.5 13
1000000000 47.1 51.8 13
1400000000 75.5 49.7 13

&



4. OXYGEN-FREE COPPER: FATIGUE PROPERTIES

C10100, C10200, C10700: Cold-worked ' ‘ Stress-controlied Axial
| Fatigue Life (Air, 295 K)
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Figure 4.6. The data shown were used to compute the regression of maximum stress upon the number
of cycles to failure [Equation (4-2)]. All data are presented in Table 4.3. Tests discontinued before
failure are marked by an arrow. Products were in bar and sheet form. The percent of cold work

“refers to reduction of area or thickness. The R-ratlos are discussed in the text.
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4. OXYGEN-FREE COPPER: FATIGUE PROPERTIES

C10100, C10200, C10700: Cold-worked , .. Stress-controlled Axial
‘ ‘Fatigue Life (Air, 295 K)
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Figure 4.7. Dependence of maximum stress at 285 K upon number of cycles to failure. The scatter
band represents two standard deviations about a linear regression equation based upon 28
measurements in which degree of cold work varied from 5 to 82% (reduction of area or thickness).
The regression equation is :

o,(MPa) = 310 N°%°

The uncertainty in the exponent is + 0.008, where 0.008 is one standard deviation as determined in
the regression analysis. The R-ratios are discussed in the text.
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C10100—C10200: Annealed;
Cold-worked

4. OXYGEN-FREE COPPER: FATIGUE PROPERTIES

Strain-controlled Axial Fatigue
Life (Air, 295 K) |

DATA SOURCES AND ANALYSIS

Measurements of the plastic strain range
" (Aey) at room temperature versus the number of
cycles to fallure (N) were obtained from 8 sources
(References 4.7, 4.19, and 4.24-4.29). Fully re-
versed cyclic fatigue measurements were report-
ed.on annealed and cold-worked copper. Cold
work, CW, had been carried out at room tempera-
ture. Results quoted in References 4.19, 4.26,
and 4.28 evidently refer to plastic strain ampll-
tude; these results were muitiplied by a factor of
two. It Is unclear whether the data presented Iin
Reference 4.24 refer to total or plastic strain
range. R-ratlos, where stated, were equal to —1
(R = minimum straln/maximum strain). In some
cases, the R-ratio could not be determined from
the description of testing methods provided.
Except for Reference 4.27, in which true strain
was calculated, it was not possible to determine
whether true or engineering strain was reported.
Individual sets of data from varlous authors
have been found to follow the Coffin-Manson law
for strain-controlled fatigue (Reference 4.25):

Ae, = kN,

where n for copper ranges from 0.50 (References
4.19, 4.25, and 4.28) to 0.66 (Reference 4.26). A

least-squares analysis of all the data was carried

out to determine an average value for n.

RESULTS
The result in exponenflal form is
Ae, = 0.618 N*’“‘ ‘ (4-3)
The standard deviation of the exponeiit of N is
0.010. Table 4.4 presents the number of cycles

to failure, the measured values of plastic strain
range, the values calculated from the regression

equation, and the reference number. Selected
points from the curves fitted to the data of Refer-
ence 4.19 are presented in Table 4.4 because the
Individual data points are so numerous. The
available characterization of materials and mea-
surements is given in Table 4.6 at the end of the
fatigue properties section.

Figure 4.8 shows that the data follow the
Coffin-Manson law to a good approximation. A
least-squares analysis of the data in logarithmic
form showed that the standard deviation of a fit of
a straight line to the data is 0.21. Figure 4.9 pre-
sents this result in summary form. The scatter
bands represent two standard deviations about
the line In these figures. The variance of the data
about the line was assumed to be normally dis-
tributed and constant throughout the range of the
independent variable, log N.

DISCUSSION

In accord with the results of several authors
(References 4.7, 4.25, and 4.26) no significant dif-
ference was found between the Ae, vs. N curves
of cold-worked and annealed copper. In addition,
Reference 4.7 presents results that show good
agreement between measurements for R = —1
and R = 0. ‘ g

The dependence of strain-controlled fatigue
life upon grain size is shown in the following pag-
es. The points from Reference 4.19 that fall be-
low the scatter band in Figure 4.8 are from speci-
mens with a relatively large grain size (1200 um).

No data on axial strain-controlied fatigue life
In vacuum was found; however, References 4.20,

. 4,30, and 4.31 present such data for flexural

strain-controlled fatigue. Improved fatigue life in
vacuum Is reported in these references. Refer-
ence 4.23 reports the equivalence of axial and
flexural strain-controlled fatigue life in air at room
temperature.



4. OXYGEN-FREE COPPER.' FATIGUE PROPERTIES

C10100—C10200: Annealed; ‘ . ) Strain-controlled Axial Fatigué
Cold-worked ' ,‘ Life (Air, 295 K)

Table 4.4. Dependence of Plastic Strain Range upon Number of Cyclés to Failure, for Annealed and
Cold-worked Material (295 K). '

Cycles, Plastic Strain Plastic Strain Reference
N Range, Range, No.
Measured Calculated
0.250 1.60 1.38 25
0.250 0710 . 1.38 25
0.710 1.00 0.749 25
2.70 0.660 0.353 25
3.70 0.500 0.295 25
4.60 0.500 . 0.261 25
6.40 0.340 0.217 25
6.60 0.420 0.213 25
8.50 0.260 0.185 25
9.10 0.350 0.178 25
11.0 ‘ 0.190 : 0.160 25
29.0 0.150 0.0924 25
32.0 0.100 0.0874 24
34.0 ©0.120 0.0845 25
46.0 0.0740 0.0712 25 7
72.0 - 0.0950 0.0553 25 - -
76.0 0.0320 0.0537 7 ‘
90.0 0.0572 0.0488 27
100. 0.0540 0.0460 ° 25
110. 0.0830 0.0436 25
130. 0.0200 0.0397 .7
140. 0.0170 0.0380 7
150. 0.0630 0.0366 FE)
160, 0.0470 0.0353 24
165. 0.0200 0.0347 7 .
174. 0.0473 0.0336 27 !
180. 0.0300 0.0330 20 . :
190. 0.0180 0,0320 7
200. - 0.0450 0.0311 . 24
240. 0.0210 : 0.0281 7
260. 0.0160 0.0268 7
330. 0.0120 0.0234 7
430, 0.0120 0.0202 7
480. 0.0130 0.0188 7
540 0.0100 0.0178 7
560 0.0120 0.0174 7
560 0.00950 0.0174 7
560. 0.0260 0.0174 25
600 0.0280 0.0167 25
790 0.00890 0.0143 7
730. 0.0144 0.0143 28
810, 0.0160 0.0141 25
830. 0.00740 0.0139 7
860, 0.0179 0.0137 27
870. 0.0200 0.0136 25
920. 0.0200 0.0131 24
1200 0.00910 ‘ 0.0113 7
1200 0.00760 0.0113 7
1900 0.0130 0.00873 25
2000 0.00580 0.00848 7
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4. OXYGEN-FREE COPPER: FATIGUE PROPERTIES

C10100—-C10200: Annealed; ‘ ‘ Strain-controlled Axial Fatigue
Cold-worked . ' Life (Air, 295 K) -

Table 4.4, continued

- Cycles, Plastic Strain Plastic Strain Reference
N Range, Range,
Measured Calculated
2300 0.00450 0.00784
3300 0.004390 0.00640 7
. 3300 0.00820 0.00640 28
3400 0.00370 0.00629 7
3430 0.00820 0.00626 27
3800 0.00670 0.00591 25
4500 0.00470 0.00537 7
4800 0.00320 0.00518 7
6600 0.00220 0.00433 7
9270 0.00400 0.00357 29
11000 0.00220 0.00324 7
11000 0.00160 0.00324 7
14000 0.00152 _ 0.00283 19
14300 0.00360 0.00280 27
16000 . 0.00130 0.00262 7
16000 0.00200 0.00262 28"
16000 0.00200 0.00262 19
19000 0.00190 0.00238 7
© 21000 0.00168 0.00225 19
21000 0.00126 0.00225 19
22000 0.00250 0.00219 25
30800 0.00200 0.00181 o)
44000 0.00186 0.00148 28
45400 - 0.00150 0.00146 29
46000 0.00116 0.00145 19
45000 0.000740 0.00145 - 19
55000 0.000850 0.00131 7
58000 - 0.00196 0.00127 26
58000 0.00170 0.00127 2
63200 0.00200 0.00121 27
76000 0.00220 0.00109 26
78000 0.00162 0.00107 i
85000 0.00124 0.00102 26
86000 0.00240 - 0.00102 26
90500 0.00100 : 0.000988 2
100000 0.000760 0.000934 19 '
100000 0.000340 0.000934 19
120000 0.00134 0.000842 26
130000 0.00120 0.000805 26
140000 0.00108 0.000772 28
200000 0.00138 0.000631 26
210000 0.000520 0.000614 19
210000 0.000170 0.000614 19
260000 "~ 0.000680 0.000545 26
. 280000 0.000820 [ 0.000522 26
350000 0.000640 0.000460 28
380000 ) 0.000200 0.000440 %
420000 0.000600 0.000415 26
450000 0.000360 0.000395 19
460000 0.000108 0.000395 19
760000 0.000400 0.000297 2%
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C10100—C10200: Annealed;

Cold-worked

4. OXYGEN-FREE COPPER: FATIGUE PROPERTIES

Strain-cohtrolled Axial Fatigue
Life (Air, 295 K)

Table 4.4, continued

Cycles, Plastic Strain Plastic Strain Reference

N Range, Range, No.
Measured Caleulated N

r 833000 0.000200 0.000282 29
950000 0.000220 0.000262 26
950000 0.000152 ~0.000262 26
1000000 0.000240 0.000255 19
1000000 0.0000740 0.000255 19
1120000 0.000560. 0.000239 2
1500000 0.000380 0.000203 28
1600000 0.000220 0.000195 26
2100000 0.000158 0.000168 26
2100000 0.000166 0.000168 19
2100000 0.0000600 0.000168 19
2800000 0.000144 0.000142 26
3200000 0.000260 0.000132 26
* 3500000 0.000110- 0.000126 26
4000000 0.000124 0.000117 26
4500000 0.000200 0.000109 28
4500000 * 0.000112 0.000108 19
4500000 0.0000520 0.000108 19
5600000 0.000178 0.0000964 2
9500000 0.000118 0.0000715 2%
10000000 0.0000760 0.0000695 19
10000000 0.0000420 0.0000695 19
14000000 0.000100 0.0000575 %
18000000 0.000104 0.0000499 2%
30000000 0.0000940 0.0000374 26
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4. OXYGEN-FREE COPPER: FATIGUE PROPERTIES

C10100—C10200: Annealed; S Strain-controlled Axial Fatigue
Cold-worked | Life (Air, 295 K)
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Flgure 48. The data shown were used to compute the regression of plastic strain amplitude upon the
number of cycles to failure [Equation (4-3)]. For clarity, overlapping data points are omitted from
the figure. All data are presented in Table 4.4. Tests discontinued before failure are marked by an
arrow. Product was predominately in bar form. Selected points from the curves fitted to the data
of Reference 4.19 are presented in this figure and in Table 4.4. See the text for a discussion of the
R-ratios. .



4. OXYGEN-FREE COPPER: FATIGUE PROPERTIES

C10100—C10200: Annealed; Strain-controlled Axial Fatigue
Cold-worked -~ : Life (Air, 295 K)
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Figure 4.9. Dependence of plastic strain amplitude at 295 K upon number of cycles to failure. The
scatter band represents two standard deviations about a linear regression equation based upon 144
measurements. The regression equation Is

Ae, = 0.618 N,

The uncertainty in the exponent is % 0.010, where 0.010 equals one standard deviation as deter-
mined In the regression analysis. See the text for a discussion of the R-ratios.
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4. OXYGEN-FREE COPPER: ‘FATIGUE PROPERTIES

C10200: Annealed ~ Strain-controlled Axial Fatigue
‘ ' Life vs. Grain Size (Air, 295 K)

DATA SOURCES AND ANALYSIS mental data. Plastic strain amplitude, rather than

‘ plastic strain range, is shown in this figure. The

~ Data on the grain-size dependence of the available characterization of materials and mea-
strain-controlled fatigue life of annealed copper at surements is given in Table 4.6 at the end of the
295 K were obtained from Reference 4.19. The " fatigue properties section.
R-ratio was —1. : ' . : -

' DISCUSSION

RESULTS _

s ' ‘ For larger grain sizes, the data do not follow

" Figure 4.10 shows the improvement in fa- . the Coffin-Manson law [Equation (4-3)]. See .
tigue life with smaller grain size. This figure is Reference 4.19 for comparable data on the fa-
adapted from a graph in Reference 4.19 that tigue life versus the total strain range.

presents smoothed curves fitted to the experi-

S
(2]
i
-
_1

295K

1l

PLASTIC STRAIN AMPLITUDE

107410 _
T— 900-1200 um ‘ —
- S
10_5 l |1 1 | | I |
104 10° 10° 107

FATIGUE LIFE, cycles

Figure 4.10. Data on the grain-size dependence of strain-controlled fatigue life are shown. The grain
sizes are Indicated Iin the figure. Data are from Reference 4.19.
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4. OXYGEN-FREE COPPER: FATIGUE PROPERTIES

C10100—C10200: Annealed

Strain-controlled Axial Fatigue
Life (Air/Liquid, 4-300 K)

DATA SOURCES AND ANALYSIS

Measurements of the plastic straln range
(ae,) below room temperature versus the number
of cycles to failure for annealed copper were ob-
talned from Reference 4.27. The R-ratio was —1.
Measurements were made In amblent air (300 K),
liquid nitrogen (78 K) and liquid helium (4 K).

RESULTS

Table 4.5 presents the temperature, the
number of cycles to failure, the plastic strain

range, and the reference number. The available
characterization of materials and measurements is
given Table 4.6 at the end of the fatigue proper-
ties section.

Figure 4.11 shows the data at room and low
temperatures. Very little dependence of fatigue
life upon temperature is observed; however, low-
temperature strain-controlled flexural fatigue mea-
surements made in vacuum do exhibit a clear
temperature dependence (see References 4.30
and 4.31). Reference 4.23 indicates approximate
equivalence of axial and flexural fatigue results at
295 K.

Table 4.5. Dependence of Strain-controlled Fatigue Life upon Temperature (4-300 K).

Test Cycles, | Plastic Strain, | Reference
Temperature, N Range No.
K .
4 159 0.0352 -7
4 377 0.0258 27
4 3430 0.0163 27
4 4470 0.0125 27
4 45600 0.0054 27
4 91600 0.0035 27
76 89 0.0450 27
78 182 0.0356 27
78 2150 0.0161 27
78 18700 0.0069 27
76 33900 0.0052 27
78 211000 0.0078 27
300 90 : 0.0572 27
300 174 0.0473 27
300 860 0.0179 27
300 3430 0.0082 27
300 14300 0.0036 27
300 63200 0.0020 27
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4. OXYGEN-FREE COPPER: FATIGUE PROPERTIES

C10100-C10200: Annealed Strain-controlled Axial Fatigue
Life (Air/Liquid, 4~300 K)
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Figure 4.11. Measurements of the strain-controlled fatigue life at different temperatures are shown. All
data are presented in Table 4.5. ‘
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4. OXYGEN-FREE COPPER: FATIGUE PROPERTIES

C11000: Annealed - , ‘ Fatigue Crack Growth Rate
' vs. R-Ratio (295 K)

-DATA SOURCES AND ANALYSIS . The available characterization ot materials
‘ and measurements is given in Table 4.6 at the
Studies of the varlation of the fatigue crack end of the fatigue properties section.
_ growth rate (da/dN) with R-ratio are reported in
Reference 4.32. (R = minimum stress/maximum DISCUSSION
stress). The work was carried out In the near-
threshold reglon of crack growth on annealed R-ratio variation is also present in the data at
and cold-worked C11000 copper. 77 and 295 K shown in Figure 4.14. However,
' there are many other varlables, such as annealing
RESULTS : time and purity, in this presentation of data re-
o ported by several authors. These variables were
Figure 4.12 presents the results reported in held constant in the work reported in Reference
Reference 4.32 for annealed specimens. The 4.32, ' :

figure shows an Increase In da/dN with increas-
ing R-ratio. Similar results were reported for
quarter- and full-hard copper.
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4. OXYGEN-FREE COPPER: FATIGUE PROPERTIES

C11000: Annealed Fatigue Crack Growth Rate
‘ vs. R-Ratio (295 K)
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Figure 4.12. The data show the changes In fatigue crack growth rate with A-ratio at 295 K in the
' threshold region of fatigue crack growth rate. (R = minimum stress/maximum stress). This figure
Is adapted from a graph presented In Reference 4.32. ' ‘
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4. OXYGEN-FREE COPPER: FATIGUE PROPERTIES

C11000: Annealed;
Cold-worked

Fatigue Crack Growth Rate
vs. Cold Work (295 K)

DATA SOURCES AND ANALYSIS

Data on C11000 copper were obtained from
References 4.22 and 4.32 on the change in fa-
tigue crack growth rate, da/dN, with room-
temperature cold work. The data from Reference
4.32 are mostly In the threshold region of fatigue
crack growth rate; data from Reference 4.22 in-
clude part of the threshold reglon and also ex-
tend to a da/dN of 4 x 10™ mm/cycle. The spe-
cimens tested were deformed Iin tension (Refer-
ence 4.22) to a maximum of 20% reduction of
area or cold-rolled (Reference 4.32) to a maxi-
mum of 31% reduction In thickness.

RESULTS
Figure 4.13 shows the data from the two

references. For clarity, the individual data points
presented in the references were abstracted into

(AK) with CW; data from Reference 4.32 show the
opposite effect of CW upon AK.

The available characterization of materials
and measurements is given in Table 4.6 at the
end of the fatigue properties section.

DISCUSSION

The data given in Figure 4.13 for annealed
specimens can be compared with other data at
295 K on C10100 and C10200 copper presented
In Figure 4.14 (see the following section on the

. temperature dependence of da/dN). This com-

curves for the figure. The work reported in Refer- -

ence 4.22 shows a decrease In da/dN with in-
creasing cold work, CW; the data reported in
Reference 4.32 show the opposite tendency. For
a given da/dN, data from Reference 4.22 show
an Iincrease In the stress intensity factor range

429

parison shows that the data from Reference 4.22
fall approximately in the middle of the curves pre-
sented there. The data from Reference 4.32, ...
however, fall below all of the other results at

295 K.

Reference 4.33 discusses crack closure and
thermally activated models of resistance to near-
threshold fatigue crack growth. This discussion
suggests that CW could decrease da/dN if a
thermal activation model Is dominant. In this
case, the energy required to move a dislocation
over barriers would increase, as occurs when the
temperature decreases into the cryogenic range.
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'C11000: Annealed; Fatigue Crack Growth Rate
-Cold-worked ' vs. Cold Work (295 K)
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Figure 4.13. Data from two references on the Influence of room-temperature cold work on fatigue crack
growth rate are shown. The percent cold work refers to reduction in area (Reference 4.22) or
reduction In thickness (Reference 4.32). Individual data points are not shown; instead, curves were
fitted to the data points presented In the references. See the text for discussion of the disagree-
ment In the results from the two references.
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4. OXYGEN-FREE COPPER: FATIGUE PROPERTIES

C10100-C10200: Annealed;
Cold-worked

Fatigue Crack Growth
Rate (77, 295 K)

DATA SOURCES AND ANALYSIS

.Data on the difference In fatigue crack
growth rate, da/dN, at 77 and 295 K were ob-
tained from References 4.34, 4.35, and 4.36.
Specimens were from both annealed and cold-
worked copper. The average curve of da/dN
data at 295 K from a number of specimens that
were both annealed and cold-worked was Includ-
ed In the figure for comparison purposes (Refer-
ence 4.37). Cold work, CW, had been carried out
at room temperature.

RESULTS

Figure 4.14 shows the decrease in da/dN
observed by all authors at 77 K as compared with
295 K. While the 77 and 295 K curves from differ-
ent references are intermingled in the figure, the
qualitative result of a decrease was observed in
each case. Different material conditions, purities,
and R-ratios may account for the variation in the
results at each temperature.

Paris-law exponents (m) for these curves are
as follows: Reference 4.34, 4.2 at 295 K and 4.7

4-31

at 77 K; Reference 4.37, 4.0 at 295 K; Reference
4.35, 4.6 at 295 K and 4.8 at 77 K; Reference
4.36, 4.0 at 295 and 77 K. (The Paris law states
that da/dN = C(aK)™, where AK is the stress in-
tensity factor range.) -

The available characterization of materials
and measurements is given in Table 4.6 at the
end of the fatigue properties section.

DISCUSSION

Reference 4.33, a review of cryogenic da/dN
data, discusses a thermal activation model that
could account for increased resistance to fatigue
crack growth at lower temperatures. ‘

Reference 4.38 presents fatigue crack
growth rate data on polycrystalline copper at 173
and 295 K, and data on the effect of grain size at
295 K. These data are not presented here be-
cause the thickness of the test material was not
specified, and because other authors reported -
measurements at lower temperatures.
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Figure 4.14. Data from three references on the decrease in da/dN from 295 to 77 K are shown. An
extensive set of data at 295 K are also shown for comparison (Reference 4.37). Data from
References 4.22 and 4.32 at 295 K are not shown, because the intent of the figure is to show the
effect of temperature. However, the data from Reference 4.22 (on annealed C11000 copper) are
approximately in agreement with the 295-K curves in the figure whereas the data from Reference
4.32 (also on annealed C11000 copper) lie somewhat below the other curves. Room-temperature
data reported in Reference 4.35 were obtained in silicone oil; other room-temperature data were
obtained In air. :
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C10100—-C11000: Annealed; Fatigue Propenieé (A/l)
Cold-worked : ‘

Table 4.6. Characterization of Materials and Measurements.

Reference No. 1 2 3 4

Specification . C11000 10200 - C10200 C11000 (d)

Composition (wi%) '
Cu 99.96 — — —
Ag - - - —
Cu + Ag . — — — —
0, 0.04 - : — 0.03
Bi ) — — — ) —
P trace — — ‘ —
Pb " trace - ' — — —
S trace — — —
Se — R —_ —
Te — —_ —_ —_

Others —_ — — —

(Only 2 0.001 wi%) ‘

Material Condition Annealed Annealed (b) Annealed, vacuum, Annealed, 873 K, Ar
673 0r 873K, 1h, FC .
() :

Grain Size — - 100 gm —

Hardness _ — ' —_ — —

Product Form Bar —_ ' Bar, _Bar,:
1.6-cm-dia. 0.16-cm-dia.

Specimen Type Hourglass — Hourglass ) Hourglass

Width or Dia. 0.65 cm (min.) —_ : — 0.05 cm (min.}

Thickness — — — —

Gage Length 10 cm (a) ) _ —_ 0.5cm

*R* Ratio -1 -1 - -1

Test Fraquency 37 Hz 30 Hz 1000 Hz 225 Hz

No. of Specimens 19 4 . 26 37

Test Temperature , 295 K 295 K 295 K 4, 20, 90, 293 K

(a) Parallel portion 1.3 cm long.

(b) . Specimens electropolished before annealing.

(t:)_i Specimens electropolished before and after annealing.

(d)’ The O, level of 0.03% is below the level of 0.04% required in C11000 specifications.

Preceding page blank 4_;4
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s

yoss

Fatigue Properties (All)

Cold-worked
5 6 7 8 9
C10100 C10200 C10200 . C10200 €10200
—_ p — 99.4 —
< 0.0003 _ _ _ _
0.0006 _ _. _ _

Annealed, 1 h, AC

Annealed, 873 K,

Annealed, 273 K,

Annealed, 873 K,

Annealed, 873 K,

(a) 4 h, vacuum (b) 0.5 h, N; (¢) 1 h, vacuum 1 h, vacuum
3.4, 15, 150 gm — — —_— —
—_ — 38 and 88 Hv — —
— Sheest Bar, Bar " Bar
3.8cm-dia.
Cylindrical Flat (tapered) Cylindrical Cylindrical - Cylindricél
0.8cm 0.08 cm (min.) 1.43 cm (d) 0.83cm 1.9cm
— 0.08 cm —_ — —
2.5 cm (gage) — 15em — 15 em (g)
-1 -1 -1{e) -1 -1
30 Hz 225 Hz 0.17 Hz (min.) 133 Hz 33 Hz
27 4 ) 6 2
295 K 4, 20, 90, 293 K 295K 295 K 295K

(a) Chemical polishing carried oﬁt before and after annealing.
(b) Electropolished before fatigue tests. ‘

(c) Other specimens tested “as-received” estimated to be 37% cold-worked from hardness and standard tables of temper.

(d) Reduced to this diameter over a 2.5-cm-paralled gage length. Surface not polished.
(e) Strain-controlled fatigue life tests were also run at R = 0.
(f) Total of 15 specimens in stress-controlled fatigue and 29 in strain-controlled fatigue.
(o) Gage length not specified. : :
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Cold-worked

Fatigue Properties (All)

Table 4.6, continued

Heference No. 10 11 12 13
Specification C11000 C10100 C10100 C10200
CohposHon {(wt)

Cu 99.96 — Balance 99.95

Ag — 0.0002 0.001 -

Cu + Ag — — — —

(o) 0.04 — —_

Bi — — — —

P trace - — —

Pb trace < 0:0001 — —_

] trace —_ — —

Se — — — —

Te — —_ —_
Others — — Fe: 0.001 —_
(Only 2 0.001 wt%)

Material Condition Annealed Annealed, 1273 K, Annealed Annealed, 1123 K,

8 hr, Ar 1 h, vacuum (e)

Grain Size —_ 200 um 150 um 100-300 um

Hardness — — — H, 43 (f)

Product Form —_— Bar, — —
0.5cm-dia.

Specimen Type Hourglass  Cylindrical (b) Cylindrical (d) " Cylindrical (g)

Width or Dia. 0.64 cm (min.) 0.05 cm 0.32cm 0.4 cm

Thickness — — — —

Gage Length 10-cm (a) 15cm 1.3 cm (gage) —_

*R" Ratio -1 -1 0.12-0.19 -1

Test Frequency 37 Hz 104 Hz (c) - 30 Hz 17.7 kHz

NG. of Specimens 2 10 pér "9 24
tatigue life

Test Temperature 295K 295 K 295 K 295 K

(a) Parallel portion 1.3 cm long.

(b) Specimens electropolished after annealing.

(c) Large number of cycles taken to build up to stress range.

(d) Specimens electropolished prior to testing.

(e) Second set of specimens stretched 15% after anneal, cut to shape of test specimen.
() Annealed specimens. ‘
(g) All specimens cleaned electrochemically before annealing.
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Fatigue Properties (All)

Cold-worked
14 15 16 17 18
C10100 C10200 C10100 C10100 C10200
99.999 - 99.99 99.99 —_
Anneated 903 K, Annealed Annealed, 1023 K, Annealed Annealed
1h, A, FC 1h
46 um — 160 gm 70 um —_ :
Bar, — Bar, Bar, —
2.5-cm-dia. 7.6cm-dia. 0.03-crm-dia.
Hourglass (a) 'Hourglass Hourglass (c) Hourglass —_
0.64 cm (min.) 1.1em (b) 0.41 cm (min.) 0.30 cm —
— 14 cm (1.9-cm gage) 0.84 cm (gage) - 3.8¢cm (0.13cm —
gage) -
-1 -1 -1 -1 -1
50 Hz 33 Hz 20 Hz (d) - 225 Hz
17 6 17 45 13
295 K 295 K 77,295 K 4,77,295K 1.7,4,20K

(a) Specimens cleaned electrochemically before annealing. ‘
(b) Continuous-radius gage section 1.9 cm long by 1.3 cm dia. at narrowest point.

(c) Specimens electropolished before testing.

(d) Frequency 100 Hz at 4 K.
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Cold-worked

Fatigue Properties (All)

Table 4.6, continued

Reference No.

19 21 22 24
Specification C10200 C10700 C10100 C10200
Composiﬁon {wt%)

Cu 99.98 — 99.96 —

Ag — 0.085 — —

Cu+ Ag — - — — —

0, — < 0.0003 - —

Bi — — — _

-] — — —_ —

Pb — —_ < 0.001 _

[ — - — —

Se — — — _

Te —_— — L —_ —_
Cthers — — Fe: 0.001; Sn: —
{Only 2 0.001 wt%) < 0.001
Material Condition Annealed, 873 K, Cold-worked, 17 Anriealed, various As received

1 h, vacuum (a) and 82% "conditions (d)

Grain Size ®) — 45 ym 200 um

. Hardness — — — —
Product Form — — Sheet —
Specimen Type "Cylindrical — -Flat (tapered)(e)(f) Hourglass (g)
Width or Dia. 0.4cm —_ 1.0 cm {min.) 0.95 cm (min.)
Thickness — — © 03cem —
Gage Length 2.0 cm (gage) _— 9.0 cm (1.0-cm 10 cm (5-cm gage)

' gage)

"R" Ratio -1 — 0 -1
Test Frequency 100 Hz — 60 Hz (h)
No. of Specimens (c) 8 S 4
Test Temperature 295 K 295 K 295 K 295 K

(a) Coarse-grained specimens annealed at 1173 K for 5 h, vacuum.
{b) Fine-grained, 60-70 um; coarse-grained, 900-1200 gm, )
(¢) A total of 70 fine-grained specimens and 90 coarse-grained specimens were run either until complete fracture or at least

10 cycles.

{d) Specimens annealed under various conditions to obtain different grain sizes. Then deformed under tension from 0 to

23%.

{e) Specimens polished mechanically after annealing, prior to testing. .

() Fatigue crack growth rate specimens were center slit, 3.0 cm wide, 3.0-cm gage length, other dimensions same.

{(g) Specimens electropolished prior to testing.

(h) Head speed of 0.5 cm/min.

4-38



4. OXYGEN-FREE COPPER: FATIGUE PROPERTIES

C10100-C11000: Annealed;

Fatigue Properties (All)

Cold-worked ‘
25 26 27 28 29
10200 C10200 C10100 ~ C10100 ' C10200

- 99.98 99.99 99.99 99.9

— - 0.0003 - -

— — 0.0018 — -
Annealed, 673 K, - Annealed (d) Annealed, 920 K, Annealed, 823 K, Annealed, 773 K,
1 h, vacuum, FC 1 h, vacuum 1 h, vacuum 1 h, vacuum (f)’

(a) .

— 200 gm — 30 pgm 25 um

Bar, — Bar, —_ Bar

1.9-cm-dia. 2.54cm-dia.

Hourglass Cylindrical Hourglass Cylindrical Hourglass
0.47 cm (min.) 0.35¢m 0.635 em (min.) 1.0 cm 0.56 cm -
9.4 em (5.6cm 20cm (Qage) 9.53 cm 1.5 cm (gage) 1.2-2.5 cm (gage)

gage) Q)

-1 -1. -1 -1 -1
0.11-0.28 Hz (b) 80 Hz 12,33 Hz ) th)

. 25() 28 18 9 5
295 K 4,78, 300 K 295 K 295 K

295 K

(a) Other specimens cold-worked to 33.3% reduction in diameter.
(o) Tests begun at minimum frequency for first 1000 cycles.

(c) Tests on as-feceived material with undetermined cold work not used.
{d) Other specimens prestrained 20 to 40%. ‘

(e) Constant strain rate, 0.02/s.
(H Specimens chemically polished before annealing.

(8) Specimens with shorter gage lengths used at higher strain amplitudes to suppress buckling.

(h) Frequency selected for constant plastic strain rate, 0.0005/s.
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.Cold-worked '

Table 4.6, continued

Reference No. 32 34 35 36
Specification C11000 C10100 C10200 C10100
Composition (wit%)

Cu 99.95 99.999 99.9 99.999

Ag f— — —_— -—

Cu+ Ag —_ —_ —

o, - - —_ —

Bi — — — —

P —_ —_ — —

Pb — — — —

S. — — — _

Se — —_ — —

Te — — — —
Others —_ — — —
(Only 2 0.001 wt%) )

Material Condition Annealed, 823 K, Prestressed, Annealed, 903 K, Annealed, 1223 K,
C 1h,(a) tension, 177 MPa 1.5h, FC 4 h vacuum (e)
Grain Size 65 um (b) 30 um 20 ym 1000 gm
Hardness _ — —_ -
Product Form - Plate Sheét —_ —
Specimen Type Wedge-open-loading Singled edge slit Singled edge slit Single edge slit
(© '

Width or Dia. 8.13¢cm 1.08 cm 1.0cm 1.3cem
Thickness - 0.635 cm 0.07 cm 0.01 em 0.08 cm
Gage Length 63cm 4.5cm — 4.4cm
"R" Ratlo 01,0.3, 05,07 0.05-0.38 -1 0
Test Frequency 100 Hz 40 Hz 21 kHz 8-22 Hz
No. of Specimens 6—-16 per curve ~54 at 77 K; 30, 77 K; 9, 77 K;

- 34 at 295 K 51, 295 K 20, 295 K (f)
Test Temperature 295 K 77,295 K 77, 293 K (d) 77, 295 K

(a) Other specimens cold rolled to 11 and 31% reduction in thickness.

(b) Grain sizes 45 and 25 um for 11 and 31% cold reduction.

(c). Compact-tension and center-cracked specimens were also used in testing of 11% cold-worked specimens. No significant
difference was found In the rates of near-threshold crack propagation.

- (d) Uaquld nitrogen or silicone oil specimen environment.
(e) Specimens electropolished before testing.
() Two specimens were tested at room temperature, one at 77 K.

‘.
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C10100—-C11000: Annealed: ‘ ' Fatigue Properties (All)
Cold-worked

- C16200

~

NERREREEEE:

Annealed, 873 K, 1h . : ‘ -
(a) or cold-worked ; ' .

Sheet

Center sit

23or25cm :
0.32 em
23 or 25 cm (gage)

0.34
3,30 Hz Bb)

37 (c)

285K

(a) Annealed after specimen slit machined. .
(b) No differences In crack growth characteristics found in tests carried out at the two frequencies.
() Number of specimens from which data were averaged.
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