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THERMAL EXPANSION OF HEAT-RESISTING ALLOYS:
NICKEL-CHROMIUM, IRON-CHROMIUM, AND NICKEL-
CHROMIUM-IRON ALLOYS

By Peter Hidnert

ABSTRACT

This paper gives data on the linear thermal expansion of various heat-resisting
alloys (nickel-chromium, iron-chromium, and nickel-chromium-iron alloys).

The alloys contain to 77 per cent nickel, 5 to 27 per cent chromium, and to

82 per cent iron.

The coefficients of expansion of the alloys were determined for various tem-
perature ranges between 20° and 1,000° C, and the effects due to temperature,
chemical composition, heat treatment, etc., were determined. Critical regions
were located on the thermal expansion curves of some of the alloys.

For a given temperature range, the coefficients of expansion of nickel-chromium
alloys containing from to about 20 per cent chromium are nearly the same.
The effects of chromium content, carbon content, heat treatment, etc., on the

coefficients of expansion of iron-chromium alloys for various temperature ranges
are indicated in a figure.

The results on the thermal expansion of nickel-chromium-iron alloys were
correlated with the structure of the alloys. Transformations from one phase to
another caused significant changes in thermal expansion. The expansion curves
on the first heating of nearly all of the cast nickel-chromium-iron alloys indicate
a retardation or decrease in expansion between 700° and 800° C, due to precipi-
tation of carbide. The effects of change of composition on the coefficients of
expansion of both cast and annealed nickel-chromium-iron alloys are indicated.
The table in the summary gives a comparison of the coefficients of expansion

of the three groups of alloys.
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I. INTRODUCTION

In November, 1927, after a manuscript on the thermal expansion
of alloys of the " stainless iron" type * was completed, A. P. Spooner,
engineer of tests of the Bethlehem Steel Co., Bethlehem, Pa., pointed
out the many applications of the alloys of nickel and chromium for

both heat and rust resisting service and suggested that it might be
well for the National Bureau of Standards to consider some work on
the thermal expansion of these compositions in the same manner in

which the work on stainless iron had been carried out. In accordance
with this suggestion, an investigation on the thermal expansion of

such alloys was planned.

» P. Hidnert and W. T. Sweeney, B. S. Sci. Paper No. 570 1928.
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The bureau secured 35 commercial heat-resisting alloys of various

types through the cooperation of 10 companies. 2 The alloys supplied

by these companies contain to 77 per cent nickel, 5 to 27 per cent
chromium, to 82 per cent iron, and other elements generally in small
amounts. The alloys were divided into three groups: Nickel-
chromium alloys, iron-chromium alloys, and nickel-chromium-iron
alloys.

The coefficients of expansion of the alloys were determined for

various temperature ranges between 20° and 1,000° C, and the effects

due to temperature, chemical composition, heat treatment, etc., were
determined. Critical regions were located on the thermal expansion
curves of some of the alloys. These data will be useful to physicists,

engineers, metallurgists, and others in the application of these alloys;

60 SO

PERCENT

Figure 1.

—

Portion of ternary diagram showing the chemical composition of the

heat-resisting alloys investigated

=Ni-Cr.
0=Fe-Cr.
®=Ni-Cr-Fe.

A= Annealed.
C=Cast.
Q= Quenched.
R= Hot-rolled.

for example, in the design of equipment for modern high-temperature
processes.

II. MATERIALS INVESTIGATED

Thirty-five samples of various heat-resisting alloys (nickel-

chromium, iron-chromium, and nickel-chromium-iron alloys) were
investigated. Table 1 gives the commercial names, chemical compo-
sitions, heat treatments, names of manufacturers, etc. The relative

locations of these samples on the ternary diagram of the nickel-

chromium-iron system are shown in Figure 1. Three of the samples
are binary nickel-chromium alloys, 6 are binary iron-chromium, and
the remaining 26 samples are ternary alhyys.

The
(

samples used for thermal expansion determinations were
approximately 299 mm in length and 6 to 13 mm in diameter (or

diagonal if square or rectangular cross section).

* The author wishes to express his appreciation for the cooperation by Bethlehem Steel Co., Bethlehem,
Pa.; Calorizing Co^ Pittsburgh, Pa.; Cyclops Steel Co., Titusville, Pa.; Driver-Harris Co., Harrison,
N. J.; Gilby Wire Co., Newark, N. J.; Hoskins Manufacturing Co., Detroit, Mich.; Ludlum Steel Co.,
Watervliet, N. Y.; Michiana. Products Corporation, Michigan City, Ind.; Ohio Steel Foundry Co., Lima.
Ohio; and Republic Steel Corporation, Youngstown, Ohio. These companies furnished the samples of
heat-resisting alloys aad information about the preparation.



Table 1.

—
Chemical composition arid heal treatment of heat-resisting alloys

(a) NICKEL-CHROMIUM ALLOYS

Commercial name

Chemical composition

'

Heat treatment ? Manufacturer
Sample

Nickel
Chro- *£ jMaiiL'ii- Sili- Curium AS" Copper Phos-

phorus
Sul-
phur

Remarks by manufacturer

Per rait

77.0

* 76. 80
77.0

Per cent
19.3

20.40
19.6

Pit cent

0.65

,40
.15

Per ant
2.50

1.92
2.14

0.12

.26

.13

Pit cent

0.08

.12

i'tt Ctllt

<0.1

<1

Per cent

<0.I

.10
<-l

Per cent Per cent

Hot-rolled trad allowed to cool slowly..

.

Hoskins Manufacturing
Co.

1 'river-Harris Co
Gilby Wire Co

1393 Nichrome IV
Tophet A

Used as heating elements for nigh-temperature electric
furnaces or other heating devices.

<b) IRON-CHROMIUM ALLOYS

1284

1299

1300

Cimet 0.00
Trace.

.01

.08

24.63
17.04

17.08

17.0

24.6

' 74. 08
81.74

81.74

'81.7

'74.0

0.62
.28

.29

.27

0.27
.62

.58

.28

.29

0.10
.04

.06

.04

.74

.08

0.24
.14

Hot-rolled - Driver-Harris Co.
Immunity from oxidation up to 1,050° F. N
weal her corrosion m l,y corrosion with nitric

compound*, o) kiln ic i, lui ions, iiiol loan v o

Do.}_...do -

Stainless iron type C 2

No.74 heat-resisting steel—

Annealed for 30 minutes at 1,450° F.
and air cooled.

Annealed at 1,450° F. and cooled in
Turn ace.

Annealed at 1,680° F. and cooled in
furnace.

Cilloriziu^ Co

do

Bethlehem Steel Co

it iill'ected by
aihl. sulphur

0.021 0.021

.017

(c) NICKEL-CHItOMlljM-lRON ALLOYS

40.3

27.78

8.41

7.80

58.07
65.22

41.98
19.80
36.0

61.00

19. 55

20.2

'1.7

10.4
711.1

1.3

03.0
30.

1

7.5

8.9
111. SI)

'.1. 11

21.1

18.50

21.06

17.28

19.12
16.23

12.12
7.76
16.4

15.70

19.55

7.9

19.7
20.7
10.3

28.

;

15.9
4.9

14.0

17.5
17. 34

17.7

'34.6

50.30

04.63

73.62

19.21
15.33

44.10
09.30

'45.4

'20.26

'58.93

'69.0

inn. :i

'in.:,

6.

•70.0

'18.1
'63.9

'74.7

'o::

•71.19

'72.0

1.43

.83

1.16

.45

.94
1.49

.55

.32

.71

.15

.74

.24

.62
3.23

.57

2.14

.64

.17

.41

.36

1.91

1.90

1.24

.28

1.69
1.18

.81

1.03
1.03

.69

1.12

.89

.50
2.61

.66

.78

.22

2.10

.37

.01

.28

0.44

.58

.14

!59

.43

.49

.42

1.25

.39

!l8
.94

.72

.08

.20

.30

!oo

.06

<0.

1

.08

1.57

.18

.03

0.1 Cast in green or bake sand at 2,550°
to 2,700° F.

Hoskins Manufacturing
Co.

Used very extensively in the heat-resisting held for all kinds
nf castings, such as furnace rails, pots, and supports.

1 nl cm Id i for general heat en. burnt; applications up to

2,000° F. Resistant In corrosion in contact with ordinary
products uf combustion.

Intended for heat enduring applications up to 1,800° 1\1246
.10

.13

Hot-rolled and cooled iu brine. An-
nealed at 2,000° F. for l hour and
air cooled.

do -—

required lo sustain loads at high temperatures. Re-
sistant: to corrosion in contact with ordinary products of

combustion.

weather corrosion, sulphur compounds, and many
organic aud inorganic salts.

Michiami Products Cor-

Cast in sand mold at 2,850° to 2,900° F_ Ohio Steel Foundry Co...

1305... .78

.48

and its unusually great -trcnul li al c located temperature.
Recommended principally for ihc following: Carboniz-
ing boxes, retorts, furnace parls. disk- tor open annealing
furnaces, domestic and industrial oil burning equipment,
tube supports, and all part- u-ed in temperatures ranging
from 1,000° to 2,200° F.

1800

MCA'
1110' Cyclops 17A-

li.ilov- i-ccinl 18-8
I'niloy 21-12

Forged at 2,050° to 1,800° F. under a
hummer from an Si-inch square ingot,

to -H inch square; annealed at 1,600°

to 1,650° F.

I1J13
. 1 <.l Cast in green sand at about 2,700° F.

.

llcisk ins Manufacturing
Co.

Ohio Steel Foundry Go—l::ll

-H03' Tophet C
Chromin D._

0.013
.013

.014

.017

........

0.012

.016

do Valve steel.

Enduro EA2 Mo .. Republic Steel Corporation Chief application for sulphite pulp mill equipment.

Quenched in waler from approxi-
mately 2,000° F.

1(24

1

.016 .012

1 Ail value- for clicnnc.il composition,'
I'epl II,,,.,. ,rid|,':pn1 ulllfi t. ,,,..

nation furnished by muniriaeturer.
ieal :ih:,h.

i In J.(.\ Redmond, of the Itiircail ol Slaudards.

1 Nickel, chromium, and cu'tum
determined by .1. t". Redmond, of the Bureau of Standards.

determined l>\ .1. (', Redmond, of the Hurcaii ol Standards. I '• s of utber elements
84614—31. (Face p. UW2.)
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III. APPARATUS

Figure 2 shows part of the apparatus used in this investigation.

With this equipment it is possible to determine the linear thermal
expansion of solids at various temperatures between —150° and
+ 1,000° C.
The white furnace shown at the left of Figure 2 was used for tem-

perature ranges between room temperature and 1,000° O. This
furnace was employed in the tests on all of the alloys in this investi-

gation (except the third test on sample 1296A). The observation
wires were suspended from sharp V grooves near the ends of the sample

O IOO 200 300 400 500 600 700 800 900 I00©°C
TEMPERATURE

Figure 3.

—

Linear thermal expansion of three hot-rolled nickel-
chromium alloys

1292, Ni 77.0, Cr 19.3, Mn 2.50, C 0.80, Fe 0.65, Si 0.12, Al < 0.1 Cu < 0.1 per cent.
1402, Ni 77.0, Cr 19.6, Mn 2.14, C 0.13, Fe 8.45, Si 0.13, Al < 0.1 Cu < 6.1 per oent.
1293, Ni 76.80, Cr 20.40, Mn 1.92, C 0.12, Fe 0.40, Si 0.26, Cu 0.10 per cent.

as shown in Figure 5 of Scientific Paper of the Bureau of Standards
No. 524
apparatus

This publication gives a detailed description of the

IV. EXPERIMENTAL AND DERIVED RESULTS
The 35 samples of heat-resisting alloys were classified into three

groups as indicated in Section II. In all cases the coefficients of
expansion were derived from the observations on heating except when
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indicated otherwise. The expansion curves in some figures are

plotted from different origins to display the individual characteristics

of each curve.
1. NICKEL-CHROMIUM ALLOYS

In this group there are three samples of hot-rolled nickel-chromium
alloys containing 77 per cent nickel and about 2 per cent manganese.
The chemical composition, heat treatment, and other information
about the samples have been given in Table 1.

Figure 3 shows the observations obtained on the three samples of

nickel-chromium alk^s. The linear thermal expansion appears to

increase regularly with temperature.

The average coefficients of expansion given in Table 2 were derived

from the expansion curves of Figure 3. The coefficients of expansion
of sample 1292 are nearly the same as those for sample 1402. The
coefficients of sample 1293 are less than the corresponding coefficients

of samples 1292 and 1402 (except for the range from 20° to 60° C),
probably due to the larger content of chromium in sample 1293.

Table 2.

—

Average coefficients of expansion of hot-rolled nickel-chromium alloys J

Chemical com-
position

Average coefficients of expansion per degree centigrade Change
in

length
due to
heat

Sample treat-

Chro- 20° to
60° O.

20° to 20° to 20° to 20° to 20° to 20° to 20° to 20° to 20° to 20° to ment
Nickel 100° 200° 300° 400° o00° 600° 700° 800° 900° 1,000° re-

C. C. C. C. C. C. C. C. C. C. ceived
during
test

Per cent Per cent XJ0-6 X/0-6 XlO-o X^O-s X10-s XfO-s XiO-e XW-s X^O-6 xio-* XlO-e Per cent
1292 77.0 19. a 13.6 14.0 14.3 14.5 15.1 15.6 16.1 16. 5 17.0 17.6 -0.02
1402 77.0 19.6 13.1 Id. 3 13.8 14.0 14.4 15.0 15.7 16.2 16.7 17.2 17.8 +.00
1293 76.80 20.40 13.8 13.0 13.3 13.3 13.9 14.7 15.3 15.8 16.2 16.7 17.2

1 This table also gives the differences in length before and after the expansion tests,

indicates an increase in length and the minus (—) sign a decrease in length.
The plus (+) sign

Figure 4 shows curves representing the instantaneous coefficients

or rates of expansion of the three nickel-chrornium alloys. The
curves for samples 1292 and 1402 indicate that the rates of expansion
increase with temperature, but the curve for sample 1293, which con-
tains the greatest amount of chromium and the lowest amount of

manganese, shows a retarded rate of expansion between 600° and
800° C.

Table 3 gives a summary of the coefficients of expansion obtained
by various observers, including the values obtained by the present
author. These coefficients of expansion refer to various nickel-

chromium alloys containing from to 80 per cent chromium. The
treatments (cast, wrought, hot roiled and annealed) are indicated in

the table. Coefficients of expansion obtained by Hidnert 3 on nickel
are included in the table. For a given temperature range, the coef-
ficients of expansion of alloys containing from to about 20 per cent
chromium are nearly the same.

3 L. Jordau and W. H. Swanger, B. S. Research Paper No. 257; 1930.
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2. IRON-CHROMIUM ALLOYS

[Vol. 7

In the present investigation six samples of iron-chromium alloys

containing from 17.0 to 24.6 per cent chromium were used. The
chemical composition, heat treatment, and other information about
these samples have been given in Table 1

.

Figures 5 to 9, inclusive, show the observations obtained. Slight

transformations were located on all samples except samples 1299 and
1294. The arrows in Figures 6 to 8 indicate the beginning of the

600

TEMPERATURE

Figure 4. -Instantaneous coefficients of expansion of three hot-

rolled nickel-chromium alloys

transformation. The dotted portions of the curves of samples 1299
and 1294 indicate that sufficient observations were not obtained
between 900° and 1,000° C. to determine the presence or absence of

transformations

.

One of the following temperatures may be taken for the tempera-
ture

_
of the beginning of the transformation or critical region on

heating

:

1

.

The temperature at which the rate of expansion (or instantaneous
coefficient of expansion) of the sample begins to decrease.

2. The temperature at which the sample begins to contract. (At
this temperature the rate of expansion is generally zero.)



Hidnert] Expansion of Heat-Resisting Alloys 1037

1 1 1 1 1

1299

J
1"

1

—
1 1 1

o

L2 4 —

f- 1.0
z
ul
o

- -

£•8
Q.

—

Z
.6

Z
o
</)

Z
< .4
Q.
X
U

o HEATING

-

•2 • COOLWG

0.0
"|

1 1 1 I 1 1 1 1
I f

100 200 300 400 500 600 700 800 900 1000°C
TEMPERATURE

Figure 5.

—

Linear thermal expansion of hot-rolled iron-

chromium alloy

Fe 81.74, Cr 17.04, C 0.04, Mn 0.28, Si 0.62, Ni trace, Al 0.08, Cu 0.14 per eeut.

• HEATING

• COOLING

J I

100 200 300 400 500 600 700 800 900 I000°C
TEMPERATURE

Figure 6.

—

Linear thermal expansion of two samples of
annealed iron-chromium alloy

Fe 81.74, Cr 17.08, C 0.06, Mn 0.45, Si 0.58, Ni 0.01, Al 0*08 per cent.
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1 ~'l 1 1 1

'—

i

i i

-
r

1

1.2 -
1427

\y -

£1.0

O

- -

cr
u 8
Q.

-

Z

Z .6
O
if)

z
< .

CL .4
X
U!

.2

- -

00 - y
\ III!

o HEATING

! I 1 1 1 r
100 200 300 400 500 600 700 800 900 I000°C

TEMPERATURE

Figure 7.

—

Linear thermal expansion of annealed iron-

chromium alloy

Fe 81.7, Cr 17.6, C 0.04, Mn 0.29, Si 0.28, Ni 0.08, P 0.021, S 0.021 per cent.

100 200 300 400 500 600 700 800 900 I000°C
TEMPERATURE

Figure 8.

—

Linear thermal expansion of annealed iron-

chromium alloy

Fe 74.0, Cr 24.6, C 0.74, Mn 0.27, Si 0.29, Ni 0.07, P 0.014, S 0.017 per cent.
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In this and preceding publications, the author has generally selected

the second temperature for the temperature of the beginning of the
transformation on heating. In case the expansion curve of the
sample does not indicate contraction but only retardation, the tem-
perature of the beginning of the transformation has been taken as

the temperature on the expansion curve (not the curve of the rate

of expansion) where irregularity in expansion begins. The tempera-
ture of the end of the transformation on heating, and the tempera-
tures of the transformation on cooling were determined similarly.

Data relating to the critical regions of four samples on heating
are given in Table 4. These data indicate that an increase in the
chromium content of iron-chromium alloys (17.1 to 24.6 per cent
chromium) causes an increase in the temperature at which the

i 2

1294

HEATING

COOLING

Jj
100 200 300 400 500 600 700" 800 900 IOOO°C

TEMPERATURE

Figure 9.

—

Linear thermal expansion of hot rolled iron-

chromium alloy

Fe 74.08, Cr 24.63, C 0.16, Mn 0.62, Si 0.27, Ni 0.00, Cu 0.24 per cent.

critical region occurs. The contraction during the transformation
is very small for these alloys.

Table 4.

—

Critical regions of iron-chromium alloys on heating

Sample

Chemical composi-
tion

Critical region

Chro-
mium Carbon Begin-

ning End Contrac-
tion

13001
Per cent

17.1
17.1
17.6
24. 6

Per cent

0.06
.06
.04
.74

°C.
918
910
925
964

°C.
924

(?)

930
970

Per cent
0.002

1300A .000
1427 .- .000
1428 .005

i Second test.

The critical regions are due to transformations from alpha phase
into gamma phase (austenite). Bain 4 showed a diagram (fig. 10)

4 E. C. Bain, Transactions of American Society for Steel Treating, vol. 9, p. 9; 1926.
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of the austenite region in iron-chromium alloys at elevated tempera-
tures. The diagram indicates the approximate effect of carbon in

extending the austenite region into^ the richer chromium alloys.

This diagram may assist in correlating the apparently conflicting

results of various observers. Data by Ruf 5 and Kinzel 6 indicate

that the austenite region extends to about 12 per cent chromium
for iron-chromium alloys containing negligible amounts of carbon.

Matsushita 7 found critical regions on iron-chromium alloys con-

taining from to 20 per cent chromium and 0.6 per cent carbon.

The present investigation clearly shows that an iron-chromium
alloy containing 24.6 per cent chromium and 0.74 per cent carbon
undergoes a transformation from the alpha to the gamma phase
and that alloys containing about 17 per cent chromium and about
0.05 per cent carbon have slight critical regions. It therefore

appears from the results of all of these investigations that for iron-
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Figure 10.

—

Approximate effect of carbon on the austenite

region in iron-chromium alloys (Bain)

chromium alloys containing negligible carbon the austenite region
extends from to about 12 per cent chromium, for alloys containing
about 0.05 per cent carbon the region extends from to at least 17
per cent chromium, and for alloys containing larger contents of carbon
the austenite region is extended to higher chromium contents.
The average coefficients of expansion given in Table 5 were derived

from the expansion curves of Figures 5 to 9, inclusive. The table
shows that the coefficients of expansion increase gradually with
temperature. The coefficients of expansion indicate a tendency to
decrease slightly with increase in the chromium content of the iron-

chromium alloys containing from 17.0 to 24.6 per cent chromium.
Table 6 gives a summary of the coefficients of expansion obtained

by various observers, including the values obtained by the present
author. These coefficients of expansion refer to various iron-chro-
mium alloys containing from to 60 per cent chromium and from
to 6.7 per cent carbon. The treatments (cast, annealed, quenched,
etc.) are indicated in the table.

6 K. Ruf, Zeitschrift Kir Elektrochemie, vol. 34, p. 813; 1928.
6 A. B. E.inzel, Heat Treating and Forging, vol. 14, p. 372; 1928.
7 T. Matsushita, Science Reports Tohoku Imperial University (first series), vol. 9, p. 243; 1920.
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Table 5.

—

Average coefficients of expansion of iron-chromium allays

Chemieal
composition

Average coefficients of expansion
]
per degree centigrade
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a D d Q o" d d d d D d lengt
reatm uring
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3 03 oO g 8 8 § g S g s 8 "^ 13
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(- co

o O o
CO

o O
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o
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O O
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o
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o ^>
H 03

+j 4J 4J +a -t-i -t-» +i 4J 4-3
03 aj'S

3 a> o o o o o o o o o o XI -3 «
O O w 8 O

55
O o O s o 8 o O o

Per Per Per
cent cent XlO-e XW-& X/0"6 Xi0-6 xio-s XlO-a X^-6 X/0-8 xio-* xio-6 cent

1299... 17.0 0.04 Hor.-rolled_ 10.3 10.6 10.8 11.1 11.4 11.7 11.9 12.1 12.5 13.1
1300 1.- 17.1 .06 Annealed. 10.2 10.3 10.7 11.0 11.2 11.4 11.7 11.9 12.4 12.9 -0.01
1300A2 17.1 .06 ...do 10.2 10.3 10.5 10.9 11.1 11.3 11.5 11.8 12.3 12.9 +.00
1427».. 17.6 .04 ...do 9.7 10.1 10.4 10.7 11.1 11.6 11.8 12.2 12.8
1428*.. 24.6 .74 ...do 10.5 10.2 10.5 10.7 11.0 11.4 11.6 12.0 12.5
1294..

.

24.6 .16 Hot-rolled. 10.3 10.0 10.3 10.6 10.9 11.2 11.3 11.6 12.2 12.7

1 Coefficients of expansion obtained on second test; coefficient of expansion between 925° and 1,000°C. is

19.0X10-0. On first test, the average coefficient of expansion is 10.9X10-8 between 100° and 200° C. and
11.6X10*6 between 200° and 300° C; on cooling, the average coefficient of contraction is 10.9X10"9 between
300 and 20° C.

a Coefficient of expansion between 925° and 1,000° C. is 18.2X10-°.
3 Coefficient of expansion between 925° and 1,000° C. is 17.9X10"6 .

* Coefficient of expansion between 20° and 950° C. is 12.8X10" .
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Figure 1 1 indicates the effects of chromium content, carbon content,

heat treatment, etc., on the coefficients of expansion of iron-chromium
alloys for various temperature ranges. The data were taken from
Table 6. The results plotted in the figure indicate the observers, the
ranges of carbon contents of the alloys and their heat treatments. All

coefficients of expansion represent values for annealed 8 alloys except
those indicated otherwise. The curves of the coefficients of expansion
of annealed iron-chromium alloys are summarized in Figure 12 and
indicate that the coefficients of expansion increase with temperature
and generally decrease with increase in chromium content. For
alloys containing from about 12 to 25 per cent chromium, the changes
in the coefficients of expansion are small.

3. NICKEL-CHROMIUM-IRON ALLOYS

This subsection gives the results obtained on 26 samples of nickel-

chromium-iron alloys containing from 1.3 to 70.1 per cent nickel, 4.9

to 26.7 per cent chromium and 6.6 to 74.7 per cent iron. The chemical
composition, heat treatment and other information about the samples
have been given in Table 1

.

The expansion observations 9 obtained on the nickel-chromium-iron
alloys are shown in subsequent figures. Some of the expansion curves
show critical regions. A consideration of the nature of nickel-chro-

mium-iron alloys may furnish information relating to the causes of

these critical regions.

Bain and Griffiths 10 state "Obviously, no two metals could develop
a single homogeneous series of solid solutions unless they were of the
same identical type. Thus we can conceive of a continuous series of

solid-solution alloys from pure alpha (or delta) iron to pure chromium
or from pure gamma iron to pure nickel, and this is precisely what
exists. Hence, first of all the ternary diagram is certain to contain
two solid solutions—one embracing gamma iron and nickel with some
chromium in solution and the other embracing alpha (or delta) iron
and chromium and containing some nickel. There will be the two-
phase zone between these single solutions types."
Pomey and Voulet n published a ternary diagram 12 of nickel-

chromium-iron alloys in conjunction with the equilibrium diagrams of

nickel-chromium, iron-chromium, and iron-nickel alloys. Figure 13
shows the ternary diagram and the equilibrium diagrams mentioned.
(The ternary diagram has been reproduced on an enlarged scale.)

Pomey and Voulet divided the ternary diagram representing the
nickel-chromium-iron system into nine regions as follows:

8 The curves indicated in the figure were obtained from the coefficients of expansion of annealed alloys
investigated at the National Bureau of Standards by Souder, Hidnert, and Sweeney between 1921 and
1931 , inclusive. The dotted portions of the curves indicate that sufficient data have not been obtained in the
region of low chromium content.

» Portions of some expansion curves are indicated by dotted lines in order to show that sufficiert observa-
tions have not been obtained. Some duplicate samples (marked A) were investigated in order to obtain
additional data.

10 E. C. Bain and W. E. Griffiths, Transactions American Institute of Mining and Metallurgical Engi-
neers, vol. 75, p. 166; 1927.
" J. Pomey and P. Voalet, Chimie & Industrie (special number), February, 1929, p. 404.
i 2 After the present manuscript was completed, the author's attention was called to a recent preliminary

ternary diagram by R. H. Aborn and E. C. Bain (Transactions American Society for Steel Treating, vol.
18, p. 837; 1930). They state that the greatest usefulness of the ternary diagram is in indicating the trends
which may be expected in individual compositions, and for this purpose the highest accuracy is not re-
quired.. The construction of the ternary system, in accordance with the phase rule and the binary systems,
was also recently derived by F. Wever and W. Jellinghaus (Mitt. Kaiser-Wilhelm-Inst. Eisenforsch. Dtis-
seldorf, vol. 13, p. 93; 1931) and the boundaries of the space sections were determined approximately by
thermic, dilatometri«, metallographic and X-ray investigations.
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Region 1.—Solid solution alpha (ferrite), stable at all temperatures, isomor-
phous with alpha iron and chromium.

Region 2.—Alpha phase (ferrite or martensite) transformable entirely into

austenite by heating above A3 (pearlitic and martensitic steels).

Region 8.—Alpha phase (ferrite or martensite) transformable entirely into

austenite by heating above A3 and at least partially into delta iron by heating
above A4 (pearlitic and martensitic steels).

Region \.—Alpha phase partially transformable into austenite by heating to a
high temperature.

Region 5.—Solid solution gamma stable at all temperatures (reversible nickel-

iron-chromium alloys), isomorphous with pure nickel.

Region 6.—Gamma phase metastable at ordinary temperature, transformable
into alpha phase by cold wrork or by cooling to a very low temperature (irre-

versible iron-nickel-chromium alloys).
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Figure 12.

—

Relations between the chromium content and the coefficients of
expansion of annealed iron-chromium alloys

Region 7.—Gamma phase metastable like the preceding, but in addition to this

can be transformed into delta phase by heating to a very high temperature.
Region 8.—Mixture of metastable alpha and gamma phases, the proportion

varying with the temperature of the tempering.
Region 9.—Mixture of two phases 1 and 5, respectively, isomorphous with

chromium and nickel.

The nickel-chromium-iron alloys used in the present investigation
may be classified in accordance with the regions indicated in the
ternary diagram which is based on binary diagrams of the nickel-

chromium, iron-chromium, and nickel-iron systems containing little

or no carbon. The regions in which the alloj^s have been placed,
will be indicated in the following paragraphs.

Region 1.—Figure 14 shows expansion data on two samples (1,314
and 1,314A) of cast nickel-chromium-iron alloy (Ni 1.3, Cr 26.7,
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Cr

20 30 40 50 60 70 80 90 Ni
Figure 13.— Ternary diagram of nickel-chromium- iron alloys and equilib-
rium diagrams of nickel-chromium, iron-chromium, and iron-nickel alloys
(Forney and Voulet)

An enlarged view of the ternary diagram is shown in the lower part of the figure.
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Microstructure of nickel-chromium-iron alloy {1314A).
X 5(90

Ni 1.3, Cr 26.7, Fe 70.0, C 0.72, Mn 0.57, Si 0.66 per cent, a, As cast; b, after second
expansion test.
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C 0.72 per cent). The expansion curve for the first heating on each
sample shows a rapid increase in expansion between 700° and 800° C.

Figure 15 shows two micrographs 13 of sample 13 14A as cast and
after the second expansion test. These micrographs indicate that the

heat treatment incident to the expansion determinations caused a

precipitation of carbide particles from the solid solution alpha (ferrite).

It appears that the precipitation of carbide caused the rapid increase

in expansion 14 between 700° and 800° C.
In the second expansion test of sample 1314A, the expansion curve

does not show a rapid increase in expansion. The alloy therefore

Z
Li

O
rr

y
a.

z

iT
O w

ZJL

i
X
LJ

I 1 1 1 1 1 1 1 i !

I3I4A /

1

- / 1314/p-

— ^»•

- —

— X/ / ~~

- /'// -

pS y / .-

yS y HEATING COOLINGyS y FIRST TEST •

"
1 1

SECOND TEST

1 1 1 1 1
1

1 r
100 200 300 400 500 600 700 800 900 I000°C

Figtjke 14.

—

Linear thermal expansion of two samples of cast nickel-

chromium-iron alloy

Ni 1.3, Cr 26.7, Fe 70.0, C 0.72, Mn 0.57, Si 0.66 per cent.

appears to be stable (between 20° and 1,000° C.) after the precipita-

tion of carbide in the first expansion test.

Region 3.—Figures 16 and 17 show the expansion observations ob-
tained on two samples (1411 and 1411A) of hot-rolled nickel-chro-

mium-iron alloy (Ni 7.5, Cr 14.0, C 0.30 per cent) containing appre-
ciable amounts of silicon and tungsten. The expansion curve on the
first heating in each hot-rolled sample (austenitic) does not indicate a

transformation, but on cooling from about 200° C. to room tempera-

' 3 Microscopic examination of sample 1314A and other samples in this paper was made by E. C. Groesbeck
ar>d H. O. Willier, of the National Bureau of Standards. Small pieces for microscopic examination were cur.

transversely from the rods used in the thermal expansion investigation. The etching reagent was a mixture
of 2 parts concentrated hydrochloric acid, 1 part concentrated nitric acid, and 3 parts glycerine (by volume)
The magnification for all the micrographs was 500 diameters.
» It is possible to classify samples 1314 and 1314A in region 4, for they are near the border between regions 1

and 4. The rapid increase in expansion between 700° and 800° C. may then be assumed to be due to the par-
tial transformation from one phase to another.

84614—31 3
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ture there is a marked expansion due to a transformation from aus-

tenite to the alpha phase (ferrite or martensite). In the second heat-

ing above 600° C. there is a transformation from the alpha phase to

austenite. In the second cooling (1411A) the curve nearly coincides

with the curve obtained in the first cooling, and also indicates the
transformation from austenite to alpha phase. The expansion curve
on the third heating (1411A) is similar to the curve on the second
heating.

Two nickel-chromium-iron alloys investigated by Andrew, Rippon,
Miller, and Wragg 15 and two alloys by Souder and Hidnert 16 contain
from 0.5 to 3.9 per cent nickel and from 0.5 to 2.5 per cent chromium.

400 500 600 700 800 900 I000°C

Figure 16.

—

Linear thermal expansion oj hot-rolled nickel-

chromium-iron alloy

Ni 7.5, Cr 14.0, Fe 74.7, C 0.30, Mn 0.17, Si 2.40, P 0.014, S 0.012, W 0.89 per cent.

These alloys may also be classified in region 3. The expansion curves
indicate transformations in these alloys.

Region 5.—All of the cast nickel-chromium-iron alloys investigated,
except samples 1314, 1314A, 1296, 1296A, and 1303, may be placed in
region 5 of the ternary diagram. (Fig. 13.) The alloys in this
region form solid solutions of gamma iron and chromium in nickel.
Bain and Griffiths 17 state that these compositions are without trans-
formation and that a very long annealing treatment causes some
precipitation of excess carbide in parallel planes within the grains.

"2 '-
H

' Andrew > J - E - RiPPon, C P. Miller, and A. Wragg, Journal Iron and Steel Institute, vol. 101,

18 W. Souder and P. Hidnert, B. S. Sci. Paper No. 433; 1922.
17 See footnote„10, p. 1044.
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Figures 18 to 23, inclusive, show the expansion data obtained on
the 10 cast nickel-chromium-iron samples (1306, 1306A, 1295, 1304,

1291, 1302, 1298, 1305, 1301, and 1313) grouped in region 5. Nearly
all of the samples contain appreciable amounts of manganese and sili-

con. The expansion curve for the first heating (to about 1,000° C.)

on each sample except samples 1298 18 and 1313, 19 shows a retardation

or decrease in expansion between 700° and 800° C. The contraction

n
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0.0
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HEATING COOLING
FIRST TEST

SECOND TEST

THIRD TEST

100 200 300 400 50.0 600 700 800 900 I000°C

Figuke 17.

—

Linear thermal expansion of hot-rolled nickel-chromiam-iron
alloy

NTi 7.5, Cr 14.0, Fe 74.7, C 0.30, Mn 0.17, Si 2.40, P 0.014, S 0.012, AY 0.89 per cent.

or retardation in expansion generally appears to decrease with increase
in nickel content. The curves on cooling do not show critical regions.

Figures 24 to 27, inclusive, show micrographs obtained on four of

the cast alloys (1295, 1302, 1298, and 1313) before and after expansion
tests. These micrographs indicate that the heating during the expan-
sion tests caused precipitation of excess carbide from solid solution
gamma (austenite). The appreciable contraction on heating, with a

" Before observation 11 (fig. 22) sample was heated to about 800° C. when heating current was broken for

one and one-fourth hours; sample cooled to about 600° C. (observation 11).
19 Contains largest contents of manganese and silicon.
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resultant decrease in expansion, noted for samples 1295 and 1302

appears to be connected with the precipitation of the carbide particles.

The expansion carves obtained on the second or third heating (to

1,000° C.) of the cast alloys do not show retardation or decrease in

expansion. The curves on heating and cooling are nearly reversible

between room temperature and 1,000° C. The alloys ; therefore

appear to be stable after the precipitation of excess carbide in the

O 100 200 300 400 500 600 700 800 900 i000°C
TEMPERATURE

Figure 18.

—

Linear thermal expansion of two samples of cast nickel-

chromium-iron alloy

Ni 19.55, Cr 19.55, Fe 58.93, C 1.25, Mn 0.15, Si 0.09, Cu 0.48 per cent.

first heating. The precipitation of carbide was probably complete
during the first heating.

Before the third expansion tests were made on samples 1295 and
1302 (figs. 19 and 21), they were heated from room temperature to
900° C. in hydrogen and cooled to room temperature in hydrogen.
No effect due to hydrogen 20 was observed on the expansion curves
obtained in the third tests.

»> II. S. Rawdon, P. Hidnert, and W. A. Tucker, Transactions American Society for Steel Treating,
vol. 10, p. 233; 1926.
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Figure 28 shows reversible expansion curves of two hot-rolled alloys

(1404 and 1403) that are austenitic and stable (between room
temperature and 1,000° C).
Region 6r l—Figure 29 shows the expansion data obtained on a

cast alloy (1303). The curve obtained on heating in the second 22

expansion test shows a retardation in expansion between 700° and
800° C. This retardation in expansion was apparently caused by
the precipitation of excess carbide which is indicated by the micro-

ooo°c

Figure 19.

—

Linear thermal expansion of cast nickel-chromium-
iron alloy

Ni 27.78, Cr 18.50, Fe 50.30, C 0.58, Mn 0.83, Si 1.90, Al 0.08 per cent.

graphs 23 in Figure 30. The carbide was precipitated from the solid

solution gamma (austenite), as was found in cast alloys of region 5.

The curves obtained in the third and fourth 24 expansion tests on
sample 1303 do not show retardations in expansion. After the
precipitation of carbide in the second expansion test the sample
appeared to be stable between 20° and 1,000° C.

21 Data on a loys near the border between regions 6 and 7 will be discussed later.
22 First test only to about 300° O.
23 It is interesting to note that the micrograph of the heat-treated sample shows that the carbide particles

are concentrated along the network of the dendritic structure.
24 Before the fourth expansion test, the sample was heated and cooled in hydrogen, in a similar manner

as was done with samples 1295 and 1302 (region 5)

.
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Figure 31 shows the expansion curve of a forged and annealed
austenitic nickel-chromium-iron alloy (1310). This curve does not
indicate any transformation between room temperature and 1,000° C.
Data on the thermal expansion of similar alloys at low tempera-

tures are necessary in order to confirm Pomey and Voulet's statement
relating to the transformation from gamma phase to alpha phase.

Region 7.
25—Figures 32 to 34, inclusive, show the results obtained

on the thermal expansion of two cast samples (1296 and 1296A) of

nickel-chromium-iron alloy (Ni 8.41, Cr 21.66, C 1.15) containing

iOO 200 300 400 500 600 700 800 900 I000°C
TEMPERATURE

Figure 20.

—

Linear thermal expansion of two cast nickel-
chromium-iron alloys

1304, Ni 36.0, Cr 16.4, Fe 45.4, C 0.42, Mn 0.71, Si 1.03 per cent.
1291, Ni 40.3, Cr 21.1, Fe 34.6, C 0.44, Mn 1.43, Si 1.91, Al<0.1, Cu 0.1 per cent.

appreciable amounts of manganese, silicon, and aluminum. The
samples during the first heating were in the gamma phase, and the
retardation in expansion between 700° and 800° C. was apparently
due to the precipitation of excess carbide. The curves on cooling
from 1,000° C. to room temperature (first test) show marked expan-
sion from about 100° C. to room temperature, due to a transfor-
mation from the gamma phase to the alpha phase.

« Data on alloys near the border between regions 6 and 7 will be discussed later.
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On reheating sample 1296A to about 700° C. (see second test), the
alpha phase changed to the gamma phase. This phase was heated
to 1,000° C. and then cooled to about 120° C. At the latter temper-
ature a marked expansion occurred with further cooling to about
50° C, due to a transformation from gamma phase to alpha phase.
The alpha phase indicated normal contraction on cooling from 50° C.
to room temperature.
Sample 1296A (third test) was then cooled from room temperature

to -50° C, heated from -50° to +250° C, and finally cooled to

100 200 300 400 500 600 700 800 900 I000°C
TEMPERATURE

Figure 21.

—

Linear thermal expansion of cast nickel-chromium-
iron alloy

Ni 41.98, Cr 12.12, Fe 44.10, C 0.43, Mn 0.55, Si 0.81 per cent.

room temperature. The expansion curve does not show a trans-

formation.
The results indicate that the alpha phase for this alloy is stable at

low temperatures, and when heated to about 700° C. transforms to

the gamma phase. Between room temperature and about 700° C.
the alloy may be either in the alpha or gamma phase. Above 700°

the alloy is in the gamma phase and, according to Pomey and Voulet,
in the delta phase at very high temperatures.

Figure 35 shows the microstructure of sample 1296 as cast and
after the second expansion test.



1054 Bureau of Standards Journal of Research [Vol. 7

z

o
DC
ixi

"Tz oO
- o
:1

T 1 i r~—

r

HEATING

COOLING

200 300 400 500 600 700 800
TEMPERATURE

000°C

Figure 22.

—

Linear thermal expansion of two cast nickel-

chromium-iron alloys

1298, Ni 58.07, Cr 19.12, Fe 19.21, O 0.54, Ma 0.94, Si 1.69, Al 0.03, Cu 0.13 per cent.

1301, Ni 65.22, Cr 16.23, Fe 15.33, C 0.59, Mn 1.40, Si 1.18 per cent.

100 200 300 400 500 600
TEMPERATURE

700 800 900 I000°C

Figure 23.

—

Linear thermal expansion of two cast nickel-

chromium-iron alloys

1305, Ni 61.00, Cr 15.70, Fe 20.26, C 0.95, Mn 0.62, Si 0.69, Cu 0.78 per cent.
1313, Ni 70.1, Cr 16.3, Fe 6.6, C 0.94, Mn 3.23, Si 2.51, Al<0.1, Cu<0.1 per cent.
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Figure 24.

—

Microstructure of nickel-chromium-iron alloy {1295).

X 500

Ni 27.78, Cr 18.50, Fe 50.30. C 0.58, Mn 0.83, Si 1.90, Al 0.08 per cent, a, As cast; b, after
second expansion test.
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Figure 25.

—

Microstructure of nickel-chromium-iron alloy (1302).

X 500

Ni 41.98, Cr 12.12, Fe 44.10, C 0.43, Mn 0.55, Si 0.81 per cent, a, As cast; b, after

second expansion test.
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Figure 26.

—

Microstructure of nickel-chromium-iron alloy (1298).

X 500

Ni 58.07, Cr 19.12, Fe 19.21, C 0.54, Mn 0.94, Si 1.69, Al 0.03, Cu 0.13 per cent, a, As
cast; 6, after expansion test.
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Figure 27.

—

Microstructure of nickel-chromium-iron alloy

(1313). X 500
Ni 70.1, Cr 16.3, Fe 6.6, C 0.94, Mn 3.23, Si 2.51, Al<0.1, Cu<0.1 per cent, a, As

cast; b, after expansion test.
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Regions 6 and 7.—Alloys 1297, 1418, 1424, 1419, 1311, and 1312 will

be grouped together, for they are near the border between regions

6 and 7.

Figure 36 shows the expansion curve of alloy 1297 which was hot-

rolled, cooled in brine, annealed and air cooled. This curve indicates

retardation in expansion between 700° and 750° C, apparently due
to the precipitation of carbide. Figure 37 shows the microstructure
of the alloy before and after the expansion test. The relatively

small amount of the structurally free constituents (presumably
carbide) in the microstructure of this material may be due to the
hot working before the expansion test and to the low carbon content.
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Figure 28.

—

Linear thermal expansion of two hot-rolled nickel-
chromium-iron alloys

1404, Ni 30.1, Cr 4.9, Fe 63.9, C 0.20, Mn 0.64, Si 0.22, P 0.013 per cent.
1403, Ni 63.0, Cr 15.9, Fe 18.1, C 0.08, Mn 2.14, Si 0.78, P 0.013 per cent.

Figure 38 shows the expansion and contraction curve of sample
1,418 (carbon 0.12 per cent) which was hot rolled and annealed.
No critical region was found on heating or cooling between 20° and
1,000° C.

Figure 39 shows the results obtained on the thermal expansion of
two quenched alloys (1424 and 1419) containing 0.06 per cent carbon.
The expansion curves do not show critical regions.

Figure 40 shows the expansion curves of two alloys (1,311 and 1,312)
which were forged and annealed. These curves do not indicate critical
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regions. Figure 41 shows the microstructure of sample 1312 after the
expansion determinations. The small amount of the structurally-free

constituents (presumably carbide) may be due to the hot working
before the expansion test and to the low carbon content.

100 200 300 700 800 900 I000°C400 500 600
TEMPERATURE

Figure 29.

—

Linear thermal expansion of cast nickel-chromium-iron alloy

Ni 19.80, Cr 7.76, Fe 69.30, C 0.49, Mn 0.32, Si 1.03, V 0.46 per cent.

All erf these alloys near the border between 6 and 7 appear to be
austenitic (gamma phase). The expansion curves between 20° and
1,000° C. do not indicate transformation from this phase to another
phase. Data on the thermal expansion of these or similar alloys at low
temperatures (below 20° C.) will be necessary in order to determine if

there are transformations from the gamma phase to the alpha phase.
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Figure 30.

—

Microstructure of nickel-chromium-iron alloy

(1303). X 500

Ni 19.80, Cr 7.76, Fe 69.30, C 0.49, Mn 0.32, Si 1.03, V 0.46 per cent, a, As cast;
b, after second expansion test.
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Figure 31.

—

Linear thermal expansion of forged and
annealed nickel-chromium-iron alloy

Ni 20.2, Cr 7.9, Fe 69.(5, C 0.39, Mn 0.74, Si 1.12 per cent.

• HEATING

• COOLING

100 200 300 400 500 600 700 800 900 I000°C
TEMPERATURE

Figure 32.—Linear thermal expansion of cast nickeU
chromium-iron alloy

Ni .41, Cr 21.66, Fe 64.63, C 1.15, Mn 1.16, Si 1.24, Al 1.57, Ou 0.10 per oent»
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Table 7 gives average coefficients of expansion of the 26 samples
of nickel-chromium-iron alloys in this subsection. The table also

indicates the phases (alpha and gamma) of the samples during the

expansion tests.

An examination of Table 7 indicates that the coefficients of expan-
sion of the nickel-chromium-iron alloys in the gamma phase are

generally larger than the coefficients of the alloys in the alpha phase.

The alloys in the gamma phase expand more than the same alloys

in the alpha phase for the same temperature range. For the range
from 20° to 400° C, the coefficient of expansion in the first heating
(gamma phase) of the cast sample 1296 or 1296A is about 40 per cent
larger than the coefficient in the second heating (alpha phase). The

O 100 200 300 400 500 600 700 800 900 I000°C
TEMPERATURE

Figure 33.

—

Linear thermal expansion of cast nickel-

chromium-iron alloy (see fig. 84 for third test)

Ni 8.41, Cr 21.66, Fe 64.63, C 1.15, Mn 1.16, Si 1.24, Al 1.57, Cu 0.10 per cent.

coefficients of expansion in the first heating (gamma phase) of the
hot rolled^ sample 1411A are approximately 50 per cent larger than
the coefficients in the second or third heating (alpha phase) to 500° C.
These large differences in expansion were caused by phase changes.

In most cases the coefficients of expansion in the first heating of

the cast nickel-chromium-iron alloys are larger than the correspond-
ing coefficients obtained in the second or third heating.
A study of the average coefficients of expansion of the cast nickel-

chromium-iron alloys for various temperature ranges indicates that
the coefficients of expansion of the cast alloys containing less than
30 per cent nickel are larger than the coefficients of the cast alloys



B. S. Journal of Research, RP388

y ,y .

-

s
n

^m i r

A
4

Figure 35.

—

Microstructure of nickel-chromium-iron alloy

{1296). X 500

Ni 8.41, Cr 21.66, Fe 64.63, C 1.15, Mn 1.16, Si 1.24, Al 1.57, Cu 0.10 per cent, a, As
cast; b, after second expansion test.
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Figure 37.

—

Microstructure of nickel - chromium - iron alloy

{1297). X 500
Ni 7.80, Crl7. 28, Fe 73.62, C 0.14, Mn 0.45, Si 0.28, Al 0.18, Cu 0.14 per cent, a, Hot-

rolled and cooled in brine, annealed at 2,000° F. for one hour and air cooled; b, after
expansion test.
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containing more than 30 per cent nickel. The coefficients of expan-
sion of the former alloys decrease with increase in chromium content,

but the coefficients of the latter increase with increase in chromium
content.

A similar study of the average coefficients of expansion of the an-
nealed nickel-chromium-iron alloys for various temperature ranges
indicates that the coefficients of expansion of the annealed alloys

containing from to about 10 per cent nickel increase with increase

in nickel content. The coefficients of expansion of the annealed
alloys containing from about 10 to 30 per cent nickel decrease with

+ 50 100 150

TEMPERATURE
200 250 {

Figure 34.

—

Linear thermal expansion of cast nickel-

chromium-iron alloy at low temperatures (see fig. 33
for previous tests)

Ni 8.41, Cr 21.66, Fe 64.63, C 1.15, Mn 1.16, Si 1.24, Al 1.57, Cu 0.10 per cent.

increase in chromium content, but the coefficients of the annealed
alloys containing more than 30 per cent nickel increase with increase
in chromium content.
The coefficients of expansion of the two quenched alloys in Table 7

are slightly larger than the annealed alloys which have the same
approximate chemical composition.

V. CONCLUSIONS

The new data in this paper are useful in several ways: (a) It is

possible to select heat-resisting alloys which have the same coeffi-

cients of expansion for a given temperature range as other materials;
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for example, brass, copper, porcelain, steel, etc., when assembled in

equipment or appliances where differences in expansion would be
unfavorable, (b) It is possible to predict the coefficients of expan-

sion of similar new alloys, (c) It is also possible to determine the

heat treatment suitable for each type of alloy for a specific purpose
as governed by the desired structure.

A comparison of the average coefficients of expansion found for

the three groups of alloys (nickel-chromium, iron-chromium, and
nickel-chromium-iron alloys) investigated is given in Table 8.

(For values found for individual alloys reference should be made to

the proper sections of the paper.)

100 200 300 400 500 600 700 800 900 I000°C

Figure 36.

—

Linear thermal expansion of nickel-chro-

mium-iron alloy

Hot-rolled and cooled in brine; annealed at 2,000° F. for one hour and air cooled.

Ni 7.80, Cr 17.28, Fe 73.62, C 0.14, Mn 0.45, Si 0.28, Al 0.18, Cu 0.14 per cent.

Table 8.

—

Comparison of average coefficients of expansion of nickel-chromium,
iron-chromium, and nickel-chromium-iron alloys

Alloys

Chemical composition
Average coefficients of expansion per

degree centigrade

Nickel
Chro-
mium Iron

20° to
60° C.

20° to
100° C.

20° to
200° C.

20° to
300° C.

Nickel-chromium alloys ...

Per cent

76. 8-77.

Per cent
19. 3-20.

4

17. 0-24.

6

4. 9-26. 7

Per cent X10-*
13. 1-13.

8

9. 7-10. 5

8. 8-18.

5

13. 0-13. 6

10. 0-10. 6
8.7-18.4

xw-*
13. 3-14.

10. 3-10.

8

9. 1-18. 4

XJ0-6
13.3-14.3

Iron-chromium alloys . 74. 0-81. 7

6. 0-74. 7

10. 6-11.

1

Nickel-chromium-iron alloys 1. 3-70. I 10. 7-18.

6
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Table 8.
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-Comparison of average coefficients of expansion of nickel-chromium,
iron-chromium, and nickel-chromium-iron alloys—Continued

Allovs

Nickel-chromium alloys
Iron-chromium alloys
Nickel-chromium-iron alloys

Average coefficients of expansion per degree centigrade—Continued

20° to 20° to
400° C. 500° C.

X^0-s X.70-6
13.9-14.5 14.7-15.1
10.9-11.4! 11.2-11.7
11.0-18.8! 11.3-18.9

20° to
600° C.

15. 3-15.

7

11. 3-11. 9
11. 5-19.

1

20° to
700° C.

X^O-8
15. 8-16. 2

11.6-12.1
11. 8-19. 2

20° to
800° C.

X10-*
16. 2-16. 7

12. 0-12. 5

12. 2-19. 5

20° to
900° C.

X^O-6
16. 7-17. 2
12. 5-13.

1

12. 7-19.

9

20° to
1,000° C.

X/O-o
17. 2-17.

8
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Figure 38.

—

Linear thermal expansion of nickel-chromium-
iron alloy

Hot-rolled and annealed.

NI 8.9, Cr 17.5, Fe 69.6, C 0.12, Mn 0.41, Si 0.37, P 0.017, S 0.016, Mo 3.08 per cent.

1. NICKEL-CHROMIUM ALLOYS

For a given temperature range, the coefficients of expansion of
nickel-chromium alloys containing from to about 20 per cent chro-
mium are nearly the same.

2. IRON-CHROMIUM ALLOYS

Critical regions, due to transformations from alpha to gamma phase
(austenite), were located. Transformations from alpha phase to
austenite occur in carbon-free alloys containing from to about 12
per cent chromium. In alloys containing about 0.05 per cent carbon,
the austenite region extends from to approximately 17 per cent
chromium. With a carbon content of 0.74 per cent, a transformation

84614—31 4
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from alpha phase to austenite occurred in an alloy containing 24.6

per cent chromium. Carbon extends the austenite region into the

richer chromium alloys.

The coefficients of expansion indicate a tendency to decrease slightty

with increase in the chromium content of the iron-chromium alloys

containing from 17.0 to 24.6 per cent chromium.
Figure 11 shows the effects of chromium content, carbon content,

heat treatment, etc., on the coefficients of expansion of iron-chromium

100 200 300 400 500 600 700 800 900 I000°C
TEMPERATURE

Figure 39.

—

Linear thermal expansion of two quenched nickel-

chromium-iron alloys

1,424, Ni 9.6, Cr 17.7, Fe 72.0, C 0.06, Mn 0.36, Si 0.28, P 0.016, S 0.012 per cent.

1,419, Ni 10.80, Cr 17.34, Fe 71.19, C 0,06, Si 0.61 per cent.

alloys for various temperature ranges. The coefficients of expansion
of annealed alloys (fig. 12) increase with temperature and generally

decrease with increase in chromium content. For annealed alloys

containing from about 12 to 25 per cent chromium, the changes in the
coefficients of expansion are small.

3. NICKEL-CHROMIUM-IRON ALLOYS

The results on thermal expansion have been correlated with the
structure of the alloys. Transformations from one phase to another
caused significant changes in thermal expansion. The coefficients of

expansion of the alloys in the gamma phase are generally larger than
the coefficients of the alloys in the alpha phase.
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%

Figure 41.

—

Microstructure of forged and annealed nickel-

chromium-iron alloy after expansion test {1312). X 500

Ni 10.4, Cr 20.7, Fe 67.5, C 0.18, Mn 0.62, Si 0.56 per cent.
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The first expansion curves of nearly all of the cast alloys indicate

a retardation or decrease in expansion between 700° and 800° C,
apparently due to precipitation of carbide. On repeated heating,
these alloys do not show retardation or decrease in expansion, for the
alloys appear to be stable after the precipitation of carbide in the first

heating. In most cases, the coefficients of expansion in the first

heating of the cast alloys are larger than the corresponding coefficients

obtained in the second or third heating.

The coefficients of expansion of the cast nickel-chroinium-iron
alloys containing less than 30 per cent nickel are larger than the coeffi-

cients of the cast alloys containing more than 30 per cent nickel.

100 200 300 400 500 600 700 800 900 IOO0°C
TEMPERATURE

Figure 40.

—

Linear thermal expansion of two forged and
annealed nickel-chromium-iron alloys

1.311, Ni 9.7, Cr 19.7, Fe 69.3, O 0.21, Mn 0.24, Si 0.89 per cent.

1.312, Ni 10.4, Cr 20.7, Fe 67.5, C 0.18, Mn 0.62, Si 0.56 per cent.

The coefficients of expansion of the former alloys decrease with increase
in chromium content, but the coefficients of the latter increase with
increase in chromium content.

The coefficients of expansion of the annealed nickel-chromium-iron
alloys containing from to about 10 per cent nickel increase with
increase in nickel content. The coefficients of expansion of the an-
nealed alloys containing from about 10 to 30 per cent nickel, decrease

with increase in chromium content, but the coefficients of the annealed
alloys containing more than 30 per cent nickel, increase with increase

in chromium content.
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Note.—Pieces cut from all of the samples in this investigation were heated in a
furnace to 400° C, kept at this temperature for three hours cooled slowly to room
temperature and then the surface of each piece was examined. These pieces
were successively heated to 500°, 800°, 709°, 800°, 900°, and 1,000° C, and the
same procedure was carried out each time. No scale was observed on the sur-

face of any of the pieces which had been heated to a temperature at or below 600°
C. At higher temperatures some of the pieces scaled. Table 9 indicates the
samples which scaled above 600° C.

Table 9.

—

Heat-resisting alloys wh ch scaled at elevated temperatures

Sample 700° C. 800° C. 900° C. 1,000° C.

1297 Slightly scaled ... Scaled.
1299 Slightlv scaled.

1300 1

1300AJ
1303

Slightly scaled .. . Do.

Slightly scaled Slightly sealed Scaled Badly scaled.

1310
1404

do
Scaled _. _

do
do

Do.
Scaled.

1418 . Slightly scaled

.

1424 Slightly scaled . Scaled.
1427 do Slightlv scaled.

The results indicate that the alloys near the iron corner of the ternary diagram
in Figure 1 scale at elevated temperatures.

Washington, June 9, 1931.


