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THERMAL EXPANSION OF SOME BRONZES
By Peter Hidnert

ABSTRACT

The results obtained in the course of independent tests and investigations on
the linear thermal expansion of four groups of bronzes designated as tin-zine,
leaded, aluminum, and silicon bronzes are given for different temperature ranges.
Curves showing the typical expansion and contraction characteristics of these
bronzes during heating and cooling are presented. Ternary diagrams are given
to show the effect of compesition on the coefficients of expansion of copper-tin-zine
and copper-tin-lead alloys. In general, the coeflicients of expansion of these
copper-base alloys increase as the addition of tin, zine, or lead is increased. For
the range from 20° to 100° C, the average coefficients of expansion of the various
bronzes were found to be between 16.8>10-% and 19.0X10-%/° C.
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I. INTRODUCTION

During the past 30 years, data on the linear thermal expansion of
copper-base alloys designated as tin-zine, leaded, aluminum, and
silicon bronzes have been obtained at the National Bureau of Stand-
ards. These results are based on independent tests and investiga-
tions, the specific purposes of which in general were not related.
Therefore, the ranges of temperature within which the bronzes were
investigated differed in many cases. These data, together with some
previously published results, are summarized in this paper. Ternary
diagrams showing the effect of composition on the coefficients of ex-
pansion of copper-tin-zine and copper-tin-lead alloys are given.

Available data from previous investigators on the linear thermal
expansion of various bronzes of known compositions are given in
table 1.1 Some of the results in this table, in combination with data
of the present paper, were used in the preparation of the ternary
diagrams.

1 Data (not listed in table 1) from 2 manufacturers have been published by N. L. Mochel, Thermal
Expansion of Metals, Symposium on Effect of Temperature on the Properties of Metals, Am. Soc. Testing
Materials and Am. Soc. Mech. Engrs., p. 633 (1931).
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TaBLE 1.—Previously published values of coefficients of linear thermal expanston of bronzes by previous observers

Chemical composition

Average coefficients of expansion per degree centigrade

Observer Date Material Treatment ke el PR R
: 0 0 0 0
Cu 1 Bn{eZn | "EbL |0 N | B 80° C| 100° C | 200° C | 300° C | 400° C Other range
X10-6| X10-6 XIO‘ X10-8 | X10-6 X10-6
Fizean [N - s 22 L0 1860 B ronze s BT we LIS RASAN] ORI s a0 folte SRty s M 0 T Al Cmaih. e o HEAOE SO0 Ee s e B0 SO T s e T
Benoit b [2]____________ 1889 EPA o heand B e WA DN BRI, ol i s
-do__ Hardened._
STy [y pOe dERE RSy B R O ) e B TR K T (P SRl P A I G 0121120 FRREIORE, B | " | SERP M B 3 M 8 g ST CR ) WS S B 08 TR o ey O e
Brox(lize_ ______ < 0 Eg: to 908: 83
3§ (0PN [y P e 7. to 80!
Le Chatelier [14].._.._. 1889 e s 205 (0° to 700° C)
Aluminum bronze 23.0 (0° to 900° C)
Dittenberger and | 1902 | Bronze .. .. ________. £19.2
Gehrcke b [3].
Henning & [4]___ 1 12 OO U T e

Bein b [5]

Hiidnert bil6] e eas 5

Hidnort' [7] 5., wossataat

1912

1921

1932

Wilkins [8]. -~

1933

Aluminum bronze »__
e cdoanth £ EL. ST

[BEONZS Oyl & s e s Sk

{FORE |y LD
Silicon bronze a__

19. 3 (20° to 500° C)
19.3 (20° to 500° C)

9.

SPanpunySt 0 noaang Wuon AT 0y3 f0 y2unasa3 fo usnof



Bronze. 1.95 17.2 17.3
~a=5dols 6.70 18.1 | t18.4
----do.* 8.58 17.5 17.9
Erxdos 9. 58 18.4 | " 18.6
2L20doCs. 9.97 1t ] O
L5005 11.96 17.9 18.3
Hidnert [9]...._.._.____ 1934 -do 12.25 17.7 18.1
Leaded bronze ®. 4.45 18.9 18.8
R (1) 7.75 19.0 19.0
Lssidoss 5 9.72 18.6 18.8
_._.do._ £ 11.08 18.6 18.6
x 11. 57 18.3 18.7
Koiso, Kusumoto, and | 1940 “HB—5” brongev_ .. | .l ) ce.is 317 G KAl ol
Yata [10].
a Coeflicient of expansion at 40° C. 1Iron, 0.09 percent.
b Coefficients of expansion computed from data in original publication. = Each coefficient of expansion is the average of values on 4 sections of a cast rod.
¢ Aluminum, 10 percent n Aluminum 7.34, silicon 0.09 percent.
4 From 0° to 250° C o Coefficient of expansion from 20° to 600° C, 19.8X10-¢/° C.
e From 0° to 375° C. » Coefficients of expansion from 20° to 600° "C and from 20° to 700° C, 20.0X10-¢ and
f From 0° to 500° C. 20.610-%/° C, respectively.
& Coefficients of exgansmn computed from data reported by observer. Coefficient of a Silicon, 3.25 percent.
expansion from —191° to 416° C, 15.1X10-6/° C r From 0° to 100° C.
h From 16° to 250° C. * Antimony, 0.15 percent.
i From 16° to 375° C. t Second heating. 2
i From 16° to 500° C. u Iron, 4; manganese, 4; zinc, 1 max; chromium, 0.5 max; aluminum, 10.5 percent;
k Manganese, 0.61; iron, 0.22; aluminum, 0.10 percent. copper, balance.
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Ficure 1.—Linear thermal expansion of two cast tin-zinc bronzes.

Sample 376: copper 88, tin 8, zinc 4 percent; sample 895: ctopper 86.5, tin 11, zinc 2.5, maximum impurities
.2 percent.
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II. MATERIALS INVESTIGATED

The samples of bronzes were provided by the American Brass Co.,
Waterbury, Conn., American Bronze Corporation (now American
Non-Gran Bronze Corporation), Berwyn, Pa., Bridgeport Brass Co.,
Bridgeport, Conn., E. I. du Pont de Nemours & Co., Inc., Wilming-
ton, Del., Fredericksen Co. (now Saginaw Bearing Co.), Saginaw,
Mich., National Bureau of Standards, Titanium Alloy Mfg. Co.,
Niagara Falls, N. Y., and W. & L. E. Gurley, Troy, N. Y. The
chemical compositions and available information regarding the treat-
ments of the samples are given in table 2. Most of the values for
chemical composition were furnished by the manufacturers.

The length of each sample used in the determinations of linear
thermal expansion was 300 mm (11.8 in). The cross sections of all
samples except those designated as 38 and 39 were circular, with
diameters of 8 to 13 mm (0.31 to 0.51 in). The diameter in each
case was the same as that of the ‘“as received” rod. Samples 38
and 39, machined to 5 mm (0.20 in.) square section, were cut from
bars having a section 16 mm (0.63 in.) square.

III. APPARATUS

The types of precision micrometric thermal-expansion apparatus
used for determining the linear thermal expansion of the bronzes
are described in previous publications [11, 12, 6, 13].2 In addition
to the differences in design, the instruments differed in the ranges
of temperature over which they could be operated. However,
essentially the same results have been obtained with each of the
instruments used for the same ranges of temperature.

IV. RESULTS AND DISCUSSION

Typical expansion and contraction curves for four groups of bronzes
are shown in figures 1 to 4. These figures indicate that for a relatively
narrow range of temperature (fiz. 1) the expansion and contraction
curves nearly coincide, but in cases involving wider ranges of tempera-
ture (figs. 2 to 4) the expansion and contraction curves diverge ap-
preciably. It is of interest to note that the expansion curves in
figure 3 indicate that a marked decrease in the rate of expansion oc-
curred in the hard-drawn aluminum bronzes at temperatures between
700° and 800° C. On the other hand, the curves for both the hard-
drawn and annealed silicon bronzes (fig. 4) showed a marked increase
in the rate of expansion between 900° and 1,000° C.

The average coefficients of expansion of the four groups of bronzes,
computed from the expansion and contraction curves (typified by
figs. 1 to 4), are given in table 2 for temperature ranges within which
observations were made. The differences in length of most of the
bronzes before heating and after passing through the heating and
cooling cycle are also shown in this table. In general, the aluminum
and silicon bronzes (figs. 3 and 4, and table 2) were investigated over
wider ranges of temperature than the tin-zinc and leaded bronzes
(figs. 1 and 2, and table 2).

2 Figures in brackets indicate the literature references at the end of this paper.
497911—43——=6
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Ficure 2.—Linear thermal expansion of leaded bronze (treatment unknown).

Sample 1071: copper 70, tin 9, lead 21, maximum impurities 0.2 percent.
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F1GURE 3.—Linear thermal expansion of two hard-drawn aluminum bronzes.

Sample 1416: copper 89.71, tin 0.38, aluminum 9.29, iron 0.44 percent; sample 1417: copper 89.43, tin 0.33,
aluminum 9.30, iron 0.58 percent.



TaBLE 2.—Coefficients of linear expansion of four groups of bronzes

Chemical composition Average coefficients of exng[slitt;élr a&alrexd contractions) per degree Ohiz'zlnge
I?ngth
of sam-
Sl Treatment 20° | 20° | 20° | 20° | 20° | 20° | 20° | 20° | 20° | 20° | 900° |ploafter
to to to to to to to to to to to eating
Py BB EN R SR S S ey 50° | 100° | 200° | 300° | 400° | 500° | 600° | 700° | 800° | 900° |1000° | and
C C (6] (0] C C C C C C | C |coolingb

A. TIN-ZINC BRONZES

|
X 10-5( X 10-6( X 10-8| X 10-8| XX 10~8| X 10-8| X 10-8 X 10~8| X 10~8

X10-8/X10-8| %
Hot-rolled and an- | 16.8 | 16.8 | _____| . __| .|| I 5 A RIOR [, SO0 o [ B —0.002
nealed.
Not known___.__.___
(S ash HENE T

Cast and annealed
at 745°C (1,373°F).

25 {Masimum impur- {75, £ 1
sl - iiakd (st bl Lol Rt ities 0.2. 2950° F.

B. LEADED BRONZES =

80 ) ! | 211 Ml SRR (SO [ WAl [P o Not known_________
6 |7 |4 3 | i Cast at 2,000° F_____
0 |0 [ .- S0 I R S <0 (M Impur- ot known...._...- {
C. ALUMINUM BRONZES »
BTN GO SR S |meaae L e | A e lE\ITot é(rg)wn_ o vy ‘ ______ L o ] R e e I e | LR R ol B
ard-drawn [rom
A  fror 16.2 | 16.3 | 16.8 | 17.9 | 18.5 [ 19.0 | 18.9 |...___ N
_____ .71 0.38 [0.00 |-._[9.20 |.____|.____0.44 | Nickel0.18..__.__[{ 7 . R e )
1416 89.71 10.38 10.0 cke { Da S nal } { _____ *16.9 [*17.7 |*18.6 |.__.__ *19.8 [*20.1 |*20.37|-2227|7I } 0.21
Hard-drawn from
. , fror 16.2 | 16.4 | 17.0 | 18.0 | 18.6 | 19.1 [s19.2
141702000 89.43 | .33 | .00 [.____ 9.30 |ocooofoaaae .58 | Nickel 0.36.-_..___ 746 to 3% in. in } _____ ! y O ire e ) RSO —.19
{ et { _____ 171 [*17.9 [*18.6 || O T I }

(4]
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S nrsm Average coefficients of expggns%?;r a(éagd contractiona) per degree Ohi%!xlnge
Icfmgth
of sam-
Eamele et 20° | 20° | 20° | 20° | 20° | 20° | 20° | 20° | 20° | 20° | 900° |ple after
Cu|Sn|zn|Pb| Al| S |Mn| Fe| Other elements e o ot B oo Reppod i enoas Poiood | satoRt G R S L Ret e
C C (6] C 0] C C (6] (6] C C |coolingb
D. SILICON BRONZESs

% % % % % % % % % X10-8| X10-8| X10-6| X10-6| X10-8| }X10-6| XX 10-6{ X 10-6 %
1333 20 95.64 |.____ D005 | S5 E e 3.04 11.03 {0.09 |- ___________ Hard drawn________|._____ 17.2 | 17.8 | 18.1 | 17.7 | 18.6 | 19.3 | 19.8 h4-0. 57
1334_____ 95.64 |...__ SN e e 3.04 11.03 | .09-| ________________ Annealed____.______|______ R 5 18.1 1 18.2 | 18.7 | 19.1 b4 58
1019 i____ .00

Phosphorus 0.06 {

1020 ... oR6 |_____ 00 |-cooo|oaeoe 4.0 | 1.1].15 B » |¢Not known___._____ .00
1021 ..o } { Nickel 0.00. } : 100
1304-_...[04.33 ||| 4.40 (0.96 | 11 |ooooooooooo________ Cast_ oo i P A P e S Rl v B i } 13

& Coefficients of contraction on cooling are indicated by asterisks. .

b Determined {rom the expansion curve on heating and the contraction curve on
coo]ling.h The plus sign indicates an increase in length and the minus sign a decrease
in length.

¢ Determined by A. W. Gray, formerly of the National Bureau of Standards.

d From 20° to 40° C. Coefficients of expansion per degree centigrade from —20° to
0°, 0° to +20°, and 0° to +40° C were found to be 17.0)X10-5, 17.0X10-6, and 17.4X10-5,
respectively.

¢ From 20° to 150° C, determined by A. W. Gray.

f From 20° to 40° C. Coeflicients of expansion per degree centigrade from —20°
t00°, 0° to +20°, and 0° to +40° C were found to be 17.1)X10-%, 18.1X10-¢, and 18.2)X10-9,
respectlvely

€ From 20° to 650° C.

b Change in length determined from length measurements on a duplicate sample
before and after heating it to 1,000° C and cooling to 20° C.

Stl Célerglcal composition determined by G. F. Commisa, of the National Bureau of
andards.
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Ficure 4.—Linear thermal expansion of three silicon bronzes.

Sample 1394: copper 94.33, silicon 4.40, manganese 0.96, iron 0.11 percent; samples 1333 and 1334: copper 95.64,
silicon 3.04, manganese 1.03, iron 0.09 percent.
E
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The ternary diagrams in figure 5 show the influence of additions of
tin and zinc on the coefficients of expansion of copper-tin and copper-
tin-zinc alloys for three ranges of temperature. The effect of different
contents of tin and lead in leaded bronzes is shown in a similar manner
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Frcure 5.—Portions of triangular diagrams indicating the effects of composition on

the coefficints of expansion (in millionihs per degree cenligrade) of copper-tin and
copper-tin-zinc alloys.

C=Cast. H=Hot-rolled.
CA=Cast and annealed. HA=Hot-rolled and annealed.
CR=Cold-rolled. HD=Hot-rolled and drawn.

in figures 6 and 7. These figures are based on the data in table 2 and
previously published results of the author [6, 7, 9]. These diagrams
show, in general, that the coefficients of expansion of the bronzes
increase as the content of these addition elements is increased.
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» 4 8 12 16 20 24 28 30
PERGENT TIN
Fraure 6.—Portion of triangular diagram indicating the effects of composilion on
the coefficients of expansion (in mallionths per degree centigrade) of copper-tin
and copper-tin-lead alloys between 20° and 100° C.
C=Cast. HA=Hot-rolled and annealed.

CR=Cold-rolled. HD=Hot-rolled and drawn.
H=Hot-rolled. X=Treatment unknown.
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FrcuRre 7.—Portion of triangular diagram indicating the effects of composition on
the coeflicients of expansion (in millionths per degree centigrade) of copper-tin and
copper-tin-lead alloys between 20° and 200° C.

C=Cast. HD=Hot-rolled and drawn.
CR=Cold-rolled. X="Treatment unknown.
H=Hot-rolled.
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The limiting coefficients of expansion of different bronzes for three
temperature ranges are given in table 3.

In cases where comparison was possible, the data presented in this
paper were found to be in good agreement with the results of other

investigators.

TaBLE 3.—Ranges of coefficients of linear expansion® of various bronzes

Average coefficients of expansion per degrce
centigrade
Alloys
20° to 100° C. | 20° to 200° C. | 20° to 300° C.

X10-8 X10-6 X10-8
Conpactin (0Ito E5006 tin) et o oo ml tin o e 16.8 to 18.0 17.2 to 18.2 17.6 to 18.6
Copper-tin-zine (8 to 12%, tin, 2 to 4% zine) . ___.________ 17.8 to 18.1 18.1 to 18.5 18.5 to 18.7
Copper-tin-lead (2.0 to 11.6% tin, 2.1 to 26.6% lead) ... _. 17.2 to 19.0 17,3 00519:9 15 3C et J) e
Cop[:yerl-tilg)zinc-lead (5.0 to 6.7% tin, 2 to 5.1% zinc, 1.5 to 17.8 to 18.1 Al 7o b8 ) (BRI i

7.5% lead).

Coppgr-aluminum (7.3 to 10% aluminum) .. .. ._________ 16.2 to 17.1 16.3 to 17.3 16.8 to 18.2
Copper-silicon b (3.0 to 4.4% silicon) ... ... ... 17.2¢ to 17.4 17.5¢ to 17.8 18.0¢ to 18.1

= Data from previous publications by the author [6, 7, 9] were also used in the preparation of this table.

b Contain 19, manganese. o

e Coefficients of contraction of a cast 4.4% silicon bronze were found to be 16.3X10-5, 17.3X10-5, and
17.9X10-¢ for the ranges 100° to 20° C, 200° to 20° C, and 300° to 20° C, respectively.
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Attention is invited to a series of publications which is being prepared by the
Project for the Computation of Mathematical Tables conducted by the Federal
Works Agency, Work Projects Administration for the City of New York
under the sponsorship of the National Bureau of Standards. To date, 14 tables
have been made available through the National Bureau of Standards. These
are listed below:

There is also included in this list a publication on the hypergeometric and
Legendre functions (MT15), prepared by the Bureau.

MT1. Taste or THE First Ten Powers or THE INTEGERS FrROM 1 TO 1000:

(1938) VIII-80 pages; heavy paper cover. 50 cents.

MT2. TasLzes oF THE ExrONENTIAL FUNCTION €2:

The ranges and intervals of the argument and the number of decimal places in the entries
are given below:

Range of x Interval of x Decimals given
—2.5000 to 1.0000 0.0001 18
1.0000 to 2.5000 .0001 15
2.500 to 5.000 .001 30
5.00 to 10.00 .01 12

(1939) XV 535 pages; bound in buckram, $2.00.

MT3. Tasres or CircULAR AND HyperBoLic Sines AND CosINEs FOR RADIAN ARGUMENTS: |

Contains 9 decimal place values of sin x, cos x, sinh x and cosh # for x (in radians) ranging from
0 to 2 at intervals of 0.0001.
(1939) XVII-405 pages; bound in buckram, $2.00.

MT4. Tasires oF Sines AND CosINges FOR RADIAN ARGUMENTS:

Contains 8 decimal place values of sines and cosines for radian arguments ranging from 0 to 25
at intervals of 0.001.
(1940) XXIX~275 pages; bound in buckram, $2.00.

MTS5. TasLes oF SINg, CosiNg, AND ExpoNENTIAL INTEGRALS, VOLUME I:

Values of these functions to 9 places of decimals from 0 to 2 at intervals of 0.0001.
(1940) XXVI-}444 pages; bound in buckram, $2.00.

MT6. TasLes or Sivg, CosINE, AND ExPoNENTIAL INTEGRALS, VOLUME II:
Values of these functions to 9, 10, or 11 significant figures from 0 to 10 at intervals of 0.001
with auxiliary tables.

(1940) XXX V11225 pages; bound in buckram, $2.00.

MT7. TasLe or NATURAL LocAriTEMS, VOLUME I:

Logarithms of the integers from 1 to 50,000 to 16 places of decimals.
(1941) XVIII+ 501 pages; bound in buckram, $2.00.

MTS8. TasLes or ProBasiLITy Funcrions, VorLume I:

Values of these functions to 15 places of decimals from 0 to 1 at intervals of 0.0001 and from 1
to 5.6 at intervals of 0.001.
(1941) XXVIII+4 302 pages; bound in buckram, $2.00.

[Continued on p. 4 of cover]
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MT9. Tasre or NATURAL LocAriTaMs, Vorume II:

Logarithms of the integers from 50,000 to 100,000 to 16 places of decimals.
(1941) XVIII+501 pages; bound in buckram, $2.00.

MT10. TasLe or NaTurAL LocariTEMS, VoLuMe III:

Logarithms of the decimal numbers from 0.0001 to 5.0000, to 16 places of decimals,
(1941) XVIII+-501 pages; bound in buckram, $2.00.

MT11. Tastes or THE Moments OF INErRTIA AND Srcrion Moburt or OrpINARY ANGLES
CHANNELS, AND Burs ANcGres wiTH CERTAIN PLATE COMBINATIONS:

(1941) XIII4- 197 pages; bound in green cloth. $2.00.

MT12. Tasce or NATURAL LoGAriTHMS, VoLuMmE IV:

Logarithms of the decimal numbers from 5.0000 to 10.0000, to 16 places of decimals,
(1941) XX1I+-506 pages; bound in buckram, $2.00.

MT13. TasLs oF SINE AND CosiNe INTEGRALS FOR ARGUMENTS FROM 10 TO 100:
(1942) XXXII+4- 185 pages; bound in buckram, $2.00.

MT14. Tasues or PropasILITY Funcrions, VoruMme II:

Values of these functions to 15 places of decimals from 0 to 1 at intervals of 0.0001 and from
1 to 7.8 at intervals of 0.001.
(1942) XX1+ 344 pages; bound in buckram, $2.00.

MT15. The hypergeometric and Legendre functions with applications to integral equations of
potential theory. By Chester Snow, National Bureau of Standards. Reproduced from original
handwritten manuscript.

(1942) VII + 319 pages; bound in heavy paper cover. $2.00.

Payment is required in advance. Make remittance payable to the *“National
Bureau of Standards™, and send with order, using the blank form facing page
3 of the cover.

The prices are for delivery in the United States and its possessions and in
countries extending the franking privilege. To other countries the price of
MT1 is 65 cents; that of MT2 to MT15, inclusive, is $2.50 each; remittance to
be made payable in United States currency.

Copies of these publications have been sent to various Government depositories
throughout the country, such as public libraries in large cities, and colleges and
universities, where they may be consulted.

A mailing list is maintained for those who desire to receive announcements
regarding new tables as they become available. A list of the tables it is planned
to publish will be sent on request.
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