AS

% THERMOPHYSICAL PROPERTIES RESEARCH CENTER
‘4 ~% ELECTRONIC PROPERTIES INFORMATION CENTER
-~ THERMOPHYSICAL AND ELECTRONIC PROPERTIES INFORMATION ANALYSIS CENTER
\; UNDERGROUND EXCAVATION AND ROCK PROPERTIES INFORMATION CENTER

oY

THERMAL LINEAR EXPANSION OF
NINE SELECTED AISI STAINLESS STEELS |

By
P. D. Desai and C. Y. Ho

ADA129159

CINDAS REPORT 51

_ April 1978

»

Prepared for
AMERICAN IRON AND STEEL INSTITUTE
1000 Sixteenth Street N.W.
Washington, D.C. 20036
for public selemse and saleg e
dstribulion io ualimited.

CENTER FOR INFORMATION AND NUMERICAL DATA ANALYSIS AND SYNTHESIS
PURDUE UNIVERSITY
PURDUE INDUSTRIAL RESEARCH PARK
2595 YEAGER ROAD

WEST LAFAYETTE, INDIANA 47906 83 06 07 0 9

DTIG FILE COPY




UNCLASSIFIED
SECURITY CLASSIFICATION OF THIS PAGE (When Data Entered) {
READ INSTRUCTIONS
» REPORT DOCUMENTATION PAGE BEFORE COMPLETING FORM
\ . NUM 2. GOVT ACCESSION NOJ 3. RECIPIENT’S ’CATALOG( WBER .
1 4. TITLE (and Subtitle) B ; v o S. TVPL.OF REPORY & PENOC COVERED
! THERMAL LINEAR EXPANSION OF NINE SELECTED AISI ' [State-of-the-Art Report '~
G “ L ' . . ! .
: STAINLESS ST,EELS: ‘ Do 6. PERFQRMING ORG, REPORT NUMBER )
CINDAS Report SI - .
7. AUTHOR(s) ' 8. CONTRACT OR GRANT NUMBER(s)
i P. D. Desai and C. Y. Ho 4
9. PERFORMING ORGANIZATION NAME AND ADDRESS 10. PROGRAM ELEMENT, PROJECT, TASK
Thermophysical and Electronic Properties AREA & WORK UNIT NUMBERS
Information Analysis Center, CINDAS/Purdue
Univ., 2595 Yeager Rd., W. Lafayette, IN 47906
11. CONTROLLING OFFICE NAME AND ADDRESS 12, REPORT DATE
Defense Technical Information Center, Defense April 1978
logistics Agency, Attn: DTIC-AI, Cameron Station, | !3. NUMBER OF PAGES
Alexandria, VA 22314 46
hrm AGENCY NAME & ADDRESS(If different from Controlling Office) | 15. SECURITY CLASS. (of this report)
Unclassified
15a. DECL ASSIFICATION/ DOWNGRADING
SCHEDULE
N/A
‘ 18. DISTRIBUTION STATEMENT (of this Report)
: Distribution unlimited 4

17. DISTRIBUTION STATEMENT (of the abstract entered in Block 20, it ditterent from Report)

. 18. SUPPLEMENTARY NOTES

CINDAS/TEPIAC Publication; (DTIC Source Code 413571);
Microfiche copies available from DTIC

19. KEY WORDS (Continue on reverse side if necesaary and identify by block number)

*Thermal linear expansion~--*Stainless steels---Iron-Nickel alloys-—
. Iron-Chromium alloys

20. \QTSACT (Continue on reverse side If necessary and identily by dblock number)
This technical report reviews the available experimental data and
information on the thermal linear expansion of nine AISI stainless steels

and presents the recommended values from 10 K to near the melting point of 4
the stainless steels. The nine selected stainless steels are AISI 303, *
g 304, 304L, 316, 317, 321, 347, 410, and 430. The recommended values include %
) the percent thermal linear expansion, the instantaneous coefficient, and the !

mean coefficient of thermal linear expansion. These values are generated as / ’

L_a result of critical evaluation, analysis, and synthesis of the gvailable dats |

; I | EDITION OF-1 NOV 68 SOLETE
DD | an 7 1473 w op UNCLASSIFIED
! SECURITY CLASSIFICATION OF THIS PAGE (When Data Bntered)




ONCLASSIFIED
SECURITY CLASSIFICATION OF THIS PAGE(When Data Entered)

L 20. ABSTRACT (Cont)

— and information. Data are synthesized for those stainless steels and
temperature values for which no data are available. General background

information on the stainless steels is given. The techniques of data

evaluation, analysis, and synthesis used in the generation of recommended

values 1is outlined.___

- NP NV ST TSI W Mg

X ot readaiia .J."u‘.; .

. . : 1
1
. .
s . 5r , .
L ' v . ’
£ \ y] L

'
f : ; UNCLASSIFIED
i SECURITY CLASSIFICATION OF THIS PAGE(When Data Entered)




EER

aah) £ 2 it e SR

R

+ (TR e w1 W S prsweriny; I A

THERMAL LINEAR EXPANSION OF
NINE SELECTED AISI STAINLESS STEELS

By
P. D. Desai and C. Y. Ho

Accession For

CINDAS REPORT 51

NTIS GRARI g
DTIC TAB
Unannouncag a

Justification

April 1978

By.
Distribution/

Availability Codes

Dist

Avail and/or
Special

Prepared for

AMERICAN IRON AND STEEL INSTITUTE
1000 Sixteenth Street N.W.
Washington, D.C. 20036

CENTER FOR INFORMATION AND NUMERICAL DATA
ANALYSIS AND SYNTHESIS
Purdue University
Purdue Industrial Research Park
2595 Yeager Road
West Lafayette, Indiana 47906

g;»wn@unamﬁgpuﬁg“gm#ﬁggw@@‘“




i1

PREFACE

This technical report was prepared by the Center for Information and
Numerical Data Analysis and Synthesis (CINDAS), Purdue University, West Lafayette,
Indiana, for the American Iron and Steel Institute (AISI), Washington, D.C.,
under AISI Project Number 67-371 entitled "Thermal and Electrical Properties
of Steels". This project has been under the technical direction of AISI Panel

on Physical, Electrical and Magnetic Properties with Dr. C. A. Beiser as Chair-
man of the Panel and with Dr. G. L. Houze, Member of the Panel, being the desig-

nated point of contact on technical matters.

The initial scope of the project is to establish the best values of the
electrical resistivity, thermal conductivity, and thermal expansion of nine
selected AISI stainless steels over a wide range of temperatures. This is the
second technical report to AISI which presents the results on the thermal expan-
sion. The results on the electrical resistivity and the thermal conductivity
of the nine selected AISI stainless steels have already been presented in the
first technical report (CINDAS Report 45).

It is hoped that this work will prove useful not only to the iron and steel

industry and to engineers and scientists specializing in the field but also

to other engineering research and development programs and for applications

in other industries, as it provides a wealth of knowledge heretofore unknown

or inaccessible to many. In particular, it is thought that the critical evalu-

ation, analysis and synthesis of data and the reference data generation consti-

tute a unique aspect of this work.

Y. S. TOULOUKIAN

Director of CINDAS

Distinguished Atkins Professor
West Lafayette, Indiana of Engineering
April 1978 Purdue University
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This technical report reviews the available experimental data and

o

information on the thermal linear expansion of nine AISI stainless steels and
presents the recommended values from 10 K to near the melting point of the

stainless steels. The nine selected stainless steels are AISI 303, 304, 304L,

. e e— e e e ete

316, 317, 321, 347, 410, and 430. The recommended values include the percent
thermal linear expansion, the instantaneous coefficient, and the mean coefficient
of thermal linear expansion. These values are generated as a result of criti-
cal evaluation, analysis, and synthesis of the available data and information.

1 Data are synthesized for those stainless steels and temperature values for

which no data are available. General background information on the stainless
steels 18 given. The techniques of data evaluation, analysis, and synthesis

used in the generation of recommended values is outlined.
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I. INTRODUCTION

The primary objective of this study was to generate recommended values
for the thermal linear expansion and its instantaneous and mean coefficient of
seven of the 300 series and two of the 400 series of AISI stainless steels,
which were selected primarily because of their current technological and com-~

mercial importance.

The nine selected AISI stainless steels and their chemical composition

ranges and limits are given in the following table.

Chemical Composition Ranges and Limits of
Nine Selected AISI Stainless Steels

AISI Chemical Composition Ranges and Limits, Percent
No. Mn P S S1
C Max. Max. Max. Max. Cr Ni Mo Other Elements
303 | 0.15 2,00 0.20 0.15 1.00 17.00/ 8.00 0.60*
Max. Min. 19.00 10.00 Max.
304 | 0.08 2.00 0.045 0.030 1.00 18.00/ 8.00/
Max. 20.00 10.50
304L| 0.030 2.00 0.045 0.030 1.00 18.00/ 8.00/
Max. 20.00 12.00
316 | 0.08 2.00 0.045 0.030 1.00 16.00/ 10.00/ 2.00/
Max. 18.00 14.00 3.00
317 | 0.08 2,00 0.045 0.030 1.00 18.00/ 11.00/ 3.00/
Max. 20.00 15.00 4.00
321 | 0.08 2.00 0.045 0.030 1.00 17.00/ 9.00/ Ti 5 x C Min.
Max. 19.00 12.00
347 | 0.08 2,00 0.045 0.030 1.00 17.00/ 9.00/ Nb-Ta 10 x C Min.
Max. 19.00 13.00
410 | 0.15 1.00 0.040 0.030 1.00 11.50/
Max. 13.50
430 | 0.12 1.00 0.040 0.030 1.00 16.00/
Max. 18.00
*Optional.

General background information on the stainless steels is given in Section
II.




The recommended values are generated through a process in which the available
data are exhaustively searched, systematically compiled, critically evaluated,
analyzed, and then synthesized. The techniques of data evaluation and analysis

used in the generation of recommended values are outlined in Section III.

The recommended values for the thermal linear expansion of each of the
nine selected stainless steels are presented in Section IV in both tabular and
graphical forms. These values cover the temperature from 10 K to near the melt-
ing point. Stainless steels, unlike pure metais, do not have a sharp melting
point. They undergo melting over a temperature range of 100-200 degrees. More-
over, extrapolation of the thermal linear expansion values in and above the
melting region is meaningless. Thermal expansion iIn this temperature region

is generally presented as a variation of density with temperature.

The recommended values for the austenitic 300-series stainless steels are
for the quench-annealed state. In the cases of AISI 410 and 430 stainless steels,
they are for oil-quenched, and air-cooled and annealed states respectively.

In the majority of cases, the tabulated recommended values are given beyond the
physically significant figures. This 1s done merely for retaining the smooth-
ness of the tabulated values and should not be conaidered indicative of the
degree of accuracy or uncertainty of the values. The uncertainty in the recom-

mended values is always explicitly stated.

Discussion text for each stainless steel provides information on the special
features of that steel, the available data on the thermal linear expansion, and
the considerations involved in arriving at the recommended values. Wherever
possible, the effects of cold working on the thermal linear expansion are dis-
cussed individually in the text.

Conclusions of the present study are given in Section V. The complete
bibliographic citations for the 30 references, which include all the major ref-

erences on which the recommended values are based, are given in Section VI.

In this work, the recommended values are given for the percent thermal
linear expansion, AL/L,(X), the instantaneous coefficient of thermal linear
expansion, a, and the mean coefficient of thermal linear expansion, a‘. These

are defined as
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where LT and L, are lengths of the material (or lattice parameters) at temperature

T and at 293 K, respectively.

71 The thermal expansion of a solid which exhibits a phase transition has a
discontinuity (AISI 410 and 430 stainless steels) in the vicinity of the transi-
tion, at which the expansion coefficient is momentarily infinite.
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II. GENERAL BACKGROUND

In practical applications stainless steels are chosen mainly for their
most important property -~ corrosion resistance. Other service requirements
and properties may then become important after a stainless steel with the de-
sired corrosion resistance has been chosen. In general, the chemical composi-
tion, the heat treatment, and the cold-work state are the major factore that
determine the various properties of the steels. These will be discussed briefly

below, with emphasis on their effects on the thermal linear expansion.

The corrosion-resistant property of stainless steels is achieved by the
addition of chromium, in excess of 127, to iron. Thus chromium is the major
alloying element in all stainless steels. In the 300 series stainless steels,
the chromiim content is about 18Z. Nickel, which 1is usually present at about
8-12% in the 300 series stainless steels, serves to stabilize the austenite.
The fourth abundant element is manganese (<22), which also tends to stabilize
the austenite. Manganese in the sulfide form also improves the hot workability
and the machinability. Silicon usually appears as trace impurity (<1%), though
it might improve the corrosion resistance to a limited extent. Other elements
are added to acquire certain desired properties for special service requirements.
The 400 series stainless steels differ from the 300 series by the complete ab-
g:nce of nickel. Their structures also differ from that of the austenite, and

may be ferritic or martensitic depending on the chromium concentration.

In the 300 series stainless steels, heat~treatments are very limited. 1In
order to maintain these steels in the metastable austenitic condition, they are
invariably quench-annealed from about 1300 K (1900°F) and perhaps stressed-re-
lieved by heating up to ~700 K (800°F). AISI 430 stainless steel is ferritic
at all temperatures and its properties are therefore unchanged by heat treat-
ments. On the other hand, AISI 410 stainless steel is subject to different heat
treatments. This steel is martensitic when oil-quenched or air-cooled from
21300 K (1850°F) and is ferritic when cooled slowly from 1050 K (1450°F) after

annealing.

Cold work produces dislocations and metallurgical transformation in steels.
In the austenitic stainless steels, there is a tendency to form martensite.
The degree of transformation depends upon the deformation and on the type of
steel. The effect of the cold working on the thermal linear expansion is dis-
cussed individually for each stainless steel and in greater length for AISI 304

stainless steel.

b it s bk Ak <1 8 At vt
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III. DATA EVALUATION AND GENERATION OF RECOMMENDED VALUES

Due to the difficulties of measuring accurately the properties of materials
and of adequately characterizing the test specimens, especially solids, the
property data available from the scientific and technical literature arec often
conflicting, widely diverging, and subject to large uncertainty. Indiscriminate
use of literature data for engineering design calculations without knowing their
reliability is dangerous and may cause inefficiency or product failure, which
at times can be disastrous. Therefore, it is imperative to evaluate critically
the validity, reliability, and accuracy of the literature data and related in-
formation, to resolve and reconcile the disagreements in conflicting data, and
to synthesize often fragmentary data in order to generate a full range of in-

ternally consistent recommended values.

In the critical evaluation of the validity and reliability of a particular
set of experimental data, the temperature dependence of the data is examined
and any unusual dependence or anomaly is carefully investigated. The experi-
mental technique is reviewed to see whether the actual boundary conditions in
the measurement agreed with those assumed in the theory. The reduction of data
is examined to see whether all the necessary corrections were appropriately ap-
plied. The estimation of experimental inaccuracies is checked to ensure that
all the possible sources of error, particularly systematic error, were considered
by the author(s). Experimental data could be judged to be reliable only if all
sources of systematic error were eliminated or minimized and accounted for.
Major sources of systematic error include unsuitable experimental method, poor
experimental technique, poor instrumentation and poor sensitivity of measuring
devices, sensors, or circuits, specimen and/or thermocouple contamination, and
the mismatch between actual experimental boundary conditions and those assumed
in the theoretical model used to define and derive the value of the property.
These and other possible sources of errors are carefully considered in critical
evaluation and analysis of experimental data. The uncertainty of a set of data
depends, however, not only on the estimated inaccuracy of the data, but also
on the inadequacy of characterization of the material for which the data are
reported.

In many cases, however, research papers do not contain adequate information

for a data evaluator to perform a truly critical evaluation. In these cases,

some other considerations may have to be used for data evaluation. For instance,




S

if several authors' data agree with one another and, more importantly, these
were obtained by using different experimental methods, these data are likely

to be reliable. However, if the data were observed by using the same experi-
mental method, even though they all agree, the reliability of the data is still
subject to questioning, because they may all suffer from a common, but unknown
source of error. Secondly, if the same apparatus has been used for measurements
of other materials and the results are reliable, and if the result of measure-
ment on the new material is in the same range, the result for the new material
is likely to be reliable. However, if the information given by the author is
entirely inadequate to make any value judgment, the data asséssment becomes
subjective. At times judgments may be based upon factors and considerations
such as the purpose and motivation for the measurement, general knowledge of

the experimenter, his past performance, the reputation of his laboratory, etc.

In the process of critical evaluation of experimental data outlined above,
unreliable and erroneous data are uncovered and eliminated from further consid-
eration. The remaining evaluated data are then subjected to further analysis
and correlation in regard to the various factors that affect the property under
study. In the cases where available data are scarce, estimated values can be
synthesized by theoretical considerations a:.d by semiempirical techniques such
as intercomparing the property values of various stainless steels (both domestic
and foreign) of similar chemical compositions and metallurgical structures ac-

counting for the various affecting factors.

Thus, the recommended values of AL/L,(%Z) are generated by the method outlined
above. The values of the mean coefficient of thermal linear expansion Gum) are
calculated from the AL/Lo(%) values. The values of the instantaneous coefficient
of thermal linear expansion are obtained by differentiation of empirical equa-
tions which are used to fit the thermal linear expansion values. The resulting
values are sometimes adjusted slightly in order to be consistent with the gen-

eral shape of the recommended thermal expansion curve and with those reported

by individual investigators.
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1. AISI 303 Stainless Steel

AISI 303 stainless steel, which is a modification of the basic 18~8 austenitic
stainless steel, contains higher amounts of phosphorous (0.20%Z max) and sulfur
(0.15% min.). The high sulfur content makes it more machinable and possibly
improves its ductility. The other variation of this steel is AISI 303Se stain-
This contains selenium (0.15%) which is added for the same reason

Since these elements are present in relatively small quantities

less steel.

given above.
(20.20%), the thermal expansion of these steels are very close to that of the

more common type, AISI 304, although their mechanical properties are quite
different.

There are only two data sets available for the thermal linear expansion

of this steel [1,2]. One data set is for temperatures below 293 K [1l] and the

other covers the temperature range 293-832 K [2]. The percent thermal linear

expansion values below 293 K of this steel are close to those of AISI 304 stain-

-

less steel (see next section) and furthermore, the composition of these two

steels are quite similar. It can be concluded that the variation of the thermal

linear expansion due to the small difference in composition between AISI 303
and 304 is negligible and that the recommended percent thermal linear expansion
values for AISI 304 stainless steel which are well established and reported in
the next section are applicable also to AISI 303 and 303Se stainless steels.

The values of the mean coefficient of thermal linear expansion are calculated

from the percent linear expansion values. The values of the instantaneous coef-

ficient are obtained by differentiation of empirical equations which are used
to fit the thermal linear expansion values, with the resulting values slightly

adjusted in order to be consistent with the general shape of the thermal expan-

sion curve.

The recommended values are tabulated in Table 1 and shown in Figure 1.
The uncertainty in the values of the thermal linear expansion, the mean coef-

ficient, and the instantaneous coefficient is within 5%, *5X, and 110X,

respectively.
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4 Table 1. Thermal Linear Expausion of AISI 303 Stainless Steelt
1
51 Instantaneous Mean
3 Coefficient of Coefficient of
; Thermal Linear Thermal Linear Thermal Linear
! Temperature Expansion Expansion Expgnsion'
} (K) (%) (10" ¢ k™) (o ® k')
- 10 -0.338 1.10 11.94
20 -0.334 7.85 12.23
30 -0.325 8.72 12.36
40 -0.316 9.31 12.49
50 -0.307 9.78 12.63
60 -0.297 10.17 12.75
70 -0.286 10.49 12.83
80 -0.276 10.80 12,96
90 -0.265 11.09 13.05
100 -0.254 11.39 13.16
150 -0.194 12.38 13.57
200 -0.130 13.22 13.98
250 -0.062 14.05 14.37
273 -0.029 14.38 14.57
293 0.000 14.71 —
300 0.010 14.90 14.78
350 0.086 15.60 15.18
400 0.167 16.27 15.61
500 0.338 17.50 16.33
600 0.519 18.58 16.91
700 0.709 19.49 17.42
800 0.907 20.20 17.89
900 1.112 20.69 18.32
1000 1.323 21.04 18.71
1100 1.536 21.25 19.03
1200 1.748 21.36 19.27
1300 1.959 21.40 19.45
1400 2.171 21.45 19.61
1500 2.386% 21.52% 19.77%
1600 2.601* 21.61* 19,90%
16708 2.753% 21.69*% 19.99%

, * Extrapolated values.

5 t For the uncertainty in the recommended values, see text.
§ Solidus temperature.

Y Mean coefficient from 293 K to indicated temperature.
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Figure 1. Thermal Linear Expansion of AISI 303 Stainless Steel
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2. AISI 304 Stainless Steel

This is a low-carbon member of the 18-8 type austenitic stainless steel,
with a slightly higher chromium content for improved corrosion resistance.
This steel is susceptible to intergranular corrosion in the temperature range
700-1150 K (800-1600°F) due to carbide precipitation.

There are six data sets available for the thermal linear expansion of AISI
304 stainless steel. Among these, one data set [3] is for temperatures below
293 K and the remaining data sets [4-8] cover the temperature range 293-1400 K.
The recommended percent thermal linear expansion values are derived from and
agree well with the data reported by Furman [4], Valentich [5], Yaggee, Gilbert,
and Styles [6], Martin and Weir [7], and Droege [8].

AISI 300 series stainless steels have a tendency to undergo martensitic
transformation upon cold working. Severe cold working also produces disloca-
tions. The amount of research on the effect of cold working is very small.
It appears that in general cold working does not change the thermal expansion
appreciably. However, in the case of severe cold working, the expansion de-
creases. One cannot quantitatively relate the degree of cold working to the
change of thermal expansion. In general, cold working initially has almost
no effect, additional cold working will have a large effect and then further
cold working will have little effect.

The values of the mean coefficient of thermal linear expansion are calculated
from the percent thermal linear expansion values. The values of the instantan-
eous coefficient of thermal linear expansion are obtained by differentiation
of empirical equations which are used to fit the thermal linear expansion val-
ues, with resulting values slightly adjusted in order to be consistent with

the general shape of the thermal expansion curve.

The recommended values are tabulated in Table 2 and shown in Figure 2.
The uncertainty in the recommended values of the percent thermal linear expan-
sion and of the mean coefficient is within t5%, and that of the instantaneous
coefficient 1s within *10%.
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Table 2.

Temperature

(X)

10
20
30
40
50

60
70
80
90
100

150
200
250
273
293

300
350
400
500
600

700
800
900
1000
1100

1200
1300
1400
1500
1600

16708

Thermal Linear Expansion of AISI 304 Stainless Steelf

Thermal Linear
Expansion

(2)

-0.338
-0.334
-0.325
-0.316
-0.307

~0.297
~0.286
~0.276
~0.265
-0.254

-0.194
~0.130
~0.062
~0.029

0.000

0.010
0.086
0.167
0.338
0.519

0.709
0.907
1.112
1.323
1.536

1.748
1.959
2.171
2.386*
2.601*

2.753%

Instantaneous

Cocfficient of

Thermal Lincar
Exggnsgpn
(10 ° k1)

* Extrapolated values.

t For the uncertainty in the recommended values, see text.

§ solidus temperature,
¥ Mean coefficient from 293 K to indicated temperature.

Mean
Coefficient of
Thermal Linear

Expansion'
(108 KThH

11.94
12.23
12.36
12.49
12.63

12.75
12.83
12.96
13.05
13.16

13.57
13.98
14.37
14.57

14.78
15.18
15.61
16.33
16.91

17.42
17.89
18.32
18.71
19.03

19.27
19.45
19.61
19.77%
19.90%

19.99%




11111 o0l 'NOISNV4X3 V3NN TYWY3HL 0 IN3ID13330D

o N ®

i3
24
a.

/oy 20
—_ 4
P
| |
1200 1600

|
800
TEMPERATURE, K

Thermal Linear Expansion of AISI 304 Stainless Steel

i
400

Figure 2.

|

% ‘NOISNVYAX3 HV3INIT TVAYIHL

!
1
~N [+
o

28—
2.4F—
2.0p—

N
L)

0.4
0.
-0.4




. e

- — e it

. ew

o orne
TN e sk g e e s o

14

3. AISI 304L Stainless Steel
This is a low carbon version of AISI 304 stainless steel. The reduced

carbon content improves its resistance to intragranular corrosion.

There are three data sets available for the thermal linear expansion of

Among these, one data set [9] is for temperatures above 293 K and
The small difference in carbon

this steel.
the other two data sets [1,10] are below 293 K.

content between this steel and AISI 304 stainless steel is judged to be insig-

nificant in altering the thermal linear expansion values. Therefore, the values

of the percent thermal linear expansions and of the coefficients recommended
for AISI 304 stainless steel are applicable also to this steel. The recommended
values agree well with the low-temperature data reported by Arp, et al. [1] and
by NASA [10]. The high-temperature data reported by Conway and Flagella [9]

agree also well except that they are about 8% higher above 800 K.

The recommended values are tabulated in Table 3 and shown in Figure 3 for

the sake of completeness. The uncertainty in the recommended values of the per-

cent thermal linear expansion and of the mean coefficient is within #5Z, and

that of the instantaneous coefficient is within +107%.
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\ Table 3. Thermal Linear Expansion of AISI 304L Stainless Steell

! Instantaneous Mean
: Coefficient of Coefficient of
: Thermal Linear Thermal Linear Thermal Linear
; Temperature Expansion Expansion Expgneign‘
i & ) ao’* k'l 10" % K1)
a 10 -0.338 1.10 11.94
20 -0.334 7.85 12.23
30 -0.325 8.72 12.36
40 -0.316 9.31 12.49
50 -0.307 9.78 12.63
60 -0.297 10.17 12.75
70 -0.286 10.49 12.83
80 -0.276 10.80 12.96
90 -0.265 11.09 _ 13.05
\ 100 -0.254 11.39 13.16
i 150 -0.194 12.38 13.57
! 200 -0.130 13.22 13.98
250 -0.062 14.05 14.37
? 273 -0.029 14.38 14.57
: 293 0.000 14.71 —
iy 300 0.010 14.90 14.78
N 350 0.086 15.60 15.18
vé 400 0.167 16.27 15.61
kR 500 0.338 17.50 16.33
) 600 0.519 18.58 16.91
700 0.709 19.49 17.42
800 0.907 20.20 17.89
900 ) 1.112 20.69 18.32
1000 1.323 21.04 18.71
1100 1.536 21.25 19.03
1200 1.748 21.36 19.27
1300 1.959 21.40 19.45
1400 2.171 21.45 19.61
1500 2.386% 21,52% 19.77%
1600 2.601* 21.61*% 19.90*
16708 2.753% 21.69% 19.99%

* Extrapolated values.

4 1 Por the uncertainty in the recommended values, see text.
: § Solidus temperature.

¥ Mean coefficient from 293 K to indicated temperature.
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4. AISI 316 Stainless Steel

~‘.{'&, Do

AISI 316 stainless steel is one of the two* most stable austenitic stainless

. SO

. A——— o i aidal e,

steels because of its higher nickel and molybdenum content. It contains 2-3%
molybdenum which improves its corrosion resistance and mechanical strength,
especially at elevated temperatures. However, just because of its molybdenum
content, formation of the brittle sigma phase at grain boundaries may take

place after prolonged service at elevated temperatures.

.
e

There are eight sets of experim:ntal data available for the thermal linear
expansion covering the temperature range 19-1616 K [4,6,10,12-16]). The recom—
mended values for AISI 316 stainless steel are derived from the data reported
by Furmen [4], NASA [10}, Lucks and Deem [12], Lucks, et al. [13], and Arthur
and Coulson [15]. The data reported by Fieldhouse, Hedge, and Lang [14] are
about 5-15Z higher than the recommended values and those reported by Yaggee,
Gilbert, and Styles [6] and by Yaggee and Styles [11] are about 5% lower.

AISI 316 stainless steel has shown very little tendency for martensitic
transformation. Hence, thermal linear expansion is not expected to change

substantially by cold working.

The values of the mean coefficient of thermal linear expansion are calculated
from the percent linear expansion values. The values of the instantaneous
coefficient are obtained by differentiation of empirical equations which are
used to fit the thermal linear expansion values, with the resulting values
slightly adjusted in order fo be consistent with the general shape of the ther-

mal expansion curve.

The recommended values are tabulated in Table 4 and shown in Figure 4.
The uncertainty in the recommended values of the percent thermal linear expan-
sion and of the mean coefficient is within t5%, and that of the instantaneous
coefficient i{s within :10%.

*The other 1is AISI 317 stainless steel,

.o
o




Table 4. Thermal Linear Expansion of AISI 316 Stainless Steelt

Thermal Linear

Temperature Expansion
(K) ()
10 -0.326
20 ~0.325
30 -0.322
40 -0.317
50 -0.310
60 -0.302
70 ~0.293
80 -0.283
90 -0.273
100 -0.262
150 ~0.202
200 -0.136
250 ~0.065
273 -0.030
293 0.000
300 0.011
350 0.090
400 0.173
500 0.348
., 600 0.533
700 0.727
800 0.928
900 1.133
1000 1.342
1100 1.552
1200 1.764
1300 1.977
1400 2.191
1500 2.405
1600 2.615
16445 2.705

Instantaneous

Coefficient of

Thermal Linear
Expansion
(10" ® Kf’)

Mean
Coefficient of
Thermal Linear

Expansion“
(10°¢ x™H

t For the uncertainty in the recommended values, see text.

§ Solidus temperature.

¥ Mean coefficient from 293 K to indicated temperature.
\

11.48
11.90
12.24
12.53
12.76

12.96
13.14
13.29
13.45
13.58

14.13
14.62
15.07
15.24

15.44
15.80
16.17
16.81
17.36

17.86
18.30
18.67
18.98
19.23

19.45
19.63
19.79
19.93
20.01

20.02
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S. AISI 317 Stainless Steel

Becaugse of its high molbydenum (3-4%) and nickel (11-15%) content, AISI
317 stainless steel is probably the most stable austenitic stainless steel.
Its properties are almost identical with those of AISI 316 stainless steel.

e e e

No experimental data are available for the thermal linear expansion of

this steel. The recommended values are taken from those recommended for AISI

316 stainless steel.

The effect of cold working on the thermal expansion of this steel is also
most likely to be the same as that for AISI 316 stainless steel.

The recommended values are tabulated in Table 5 and shown in Figure 5.

The uncertainty in the recommended values of the percent thermal linear expan- :

sion and of the mean coefficient is within +5%, and that of the instantaneous

- ———— e

coefficient is within *10%.
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y Table 5. Thermal Linear Expansion of AISI 317 Stainless Steell
A
K
‘ Instantaneous Mean
‘ Coefficient of Coefficient of
Thermal Linear Thermal Linear Thermal Linear
Temperature Expansion Expansion Expgnsign‘
(X) (%) a0t k™Y (10" k)
10 ~0.326 0.40 11.48
20 ~0.325 1.90 11.90
30 -0.322 3.70 12,24
40 -0.317 6.00 12.53
50 -0.310 7.56 12.76
j 60 -0.302 8.68 12.96
i 70 -0.293 9.50 13.14
80 -0.283 10.16 13.29
90 -0.273 10.70 13.45 :
100 -0.262 11.20 13.58 ;
! 150 -0.202 12.68 14.13
% 200 -0.136 13.76 14.62 ;
250 -0.065 14.66 15.07
} 2713 -0.030 15.06 15.24
203 0.000 15.40 ——
300 0.011 15.50 15.44
350 0.090 16.20 15.80
400 0.173 16.89 16.17
500 0.348 18.06 16.81
i 600 0.533 19.03 17.36 7
3 700 0.727 19.80 17.86
: 800 0.928 20.36 18.30
900 1.133 20.76 18.67
1000 1.342 20.97 18.98
1100 1.552 21.13 19.23
1200 1.764 21.25 19.45
1300 1.977 21.34 19.63
1400 2.191 21.41 19.79
1500 2.405 21.44 19.93
1600 2.615 21.48 20.01
16448 2.705 21.49 20.02

t For the uncertainty in the recommended values, see text.
§ Solidus temperature.
T Mean coefficient from 293 K to indicated temperature.
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6. AISI 321 Stainless Steel

AISI 321 stainless steel is a carbide-stabilized modification of the basic
18-8 austenitic stainless steel. The carbide stabilization is achieved by adding
titanium (5 x C Min.) to the steel. This steel is mostly used in welding ap-
plications where post-welding annealing is impractical. Due to the carbide
stabilization, the probability of intergranular corrosion in the temperature

range 700-1150 K (800-1600°F) is less.

There are six sets of experimental data [1,10,17-20] available for the
thermal linear expansion of AISI 321 stainless steel. Among these, three data
sets are for temperatures below 293 K [1,10,18]. The recommended percent thermal
linear expansion values are based on the data reported by Arp, et al. [1],

NASA [10], Seibel and Mason [16]), Crane, Lovell, and Johnson [17), Horton,
Smith, and Ruff {18], and Totskii [19]. The data reported by Totskii [19]
is for 1Khl8NI9T steel which is a Russian equivalent of AISI 321 stainless steel.
In deciding the slope of the thermal linear expansion curve at 293 K, more

weight was given to the low-temperature data [1,10,18].

The values of the mean coefficient of thermal linear expansion are calculated
from the percent linear expansion values. The values of the instantaneous
coefficient are obtained by differentiation of empirical equations which are
used to fit the thermal linear expansion values, with resulting values slightly

adjusted in order to be consistent with the general shape of the thermal ex-
pansion curve.
The recommended values are tabulated in Table 6 and shown in Figure 6.

The uncertainty in the recommended values of the percent thermal linear expan-
sion and of the mean coefficient is within #5Z, and that of the instantaneous

coefficient is within *10X.

23
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Table 6. Thermal Linear Expansion of AISI 321 Stainless Steelt

. Bl
. . v
PRSP S S Ao

Instantaneous Mean
Coefficient of Coefficient of
Thermal Linear Thermal Linear Thermal Linear

Temperature Expansion Expansion Expansion’

(X) 2) (10" ¢ kY (107 K 1)
; 10 -0.325 0.38 11.48
! 20 -0.325 0.94 11.90
' 30 -0.323 1.70 12.28
40 -0.321 2.70 12.69
50 -0.317 4.00 . 13.04
60 -0.313 5.50 13.43
70 -0.307 6.82 13.77
80 -0.299 8.34 14.04
90 -0.290 9.75 14.29
| 100 -0.280 10.86 14.51
Q 150 -0.217 13.80 15.17
i 200 -0.145 14.90 15.59
! 250 -0.068 15.62 15.91
273 -0.032 15.89 16.01
{ 293 0.000 16.17 ——
. 300 0.011 16.21 16.18
: 350 0.093 16.50 16.32
. 400 0.176 16.81 16.44
500 0.347 17.34 16.76
L 600 0.523 17.81 17.04
700 0.703 18.18 17.27
800 0.886 18.48 17.47
900 1.073 18.75 17.68
1000 1.261 18.98 17.84
1100 1.452 19.17 17.99
1200 1.645 19.35 18.14
1300 1.839 19.50 18.26
1400 2.035 19.70 18.38
1500 2.233 19.90 18.50
1600 2.433 20.12 18.62
16728 2.582 20.30 18.72

T For the uncertainty in the recommended values, see text,
§ Solidus temperature.
¥ Mean coefficient from 293 K to indicated temperature.
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7. AISI 347 Stainless Steel
steel., Niobium and sometimes tantalum (Nb-Ta 10 x C Min.) are used as stabi-

|
j AISI 347 stainless steel is another carbide-stabilized austenitic stainless
{
‘

lizing elements. Its applications and properties are fairly close to those
of AISI 321 stainless steel, except'that AISI 347 stainless steel has a better

stability because niobium does not oxidize as easily as titanium does. i

There are thirteen sets of experimental data available for the thermal
linear expansion of AISI 347 stainless steel [1,4,5,10,12-15,18,20-22]). The

temperature range covered by these data sets is 18-1494 K. The recommended

. e o

values of the percent thermal linear expansion for AISI 347 stainless steel
agree well with the data reported by Arp, et al. [1], Furman [4}, NASA {10],
Lucks and Deem [12], and Lucks, et al. [13]. The data reported by Valentich
[5], Horton, Smith, and Ruff [18], Aerojet Corporation [20], and Watrous [22]
t are about 4-10% lower and those reported by Fieldhouse, Hedge, and Lang [14]
and Rhodes, et al. {21] are about 47 and 5-25% respectively higher than the

i recommended values.

; . The values of the mean coefficient of thermal linear expansion are calculated
from the percent linear expansion values. The values of the instantaneous
coefficient are obtained by differentiation of empirical equations which are

used to fit the thermal expansion data, with resulting values slightly adjusted

e in order to be consistent with the general shape of the thermal expansion curve.
The values of the instantaneous coefficient reported by Arthur and Coulson [15]

are about 6-10Z lower than the recommended values.

The recommended values are tabulated in Table 7 and shown in Figure 7. 1
The uncertainty in the recommended values of the percent thermal linear expan- ]
sion and of the mean coefficient is within #5Z%, and that of the instantaneous
coefficient is within +10%.
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Table 7. Thermal Linear Expansion of AISI 347 Stainless Steelf
R Instantaneous Mean
Af Coefficient of Coefficient of
E Thermal Linear Thermal Linear Thermal Linear
] Temperature Expansion Expansion Expg_usign1
i (K) (%) 10 & k™Y (10" % k' ?)
I}
! 10 -0.315 0.30 11.13
{ 20 -0.315 0.69 11.54
30 -0.314 1.16 11.94
40 -0.313 1.80 12.37
50 -0.311 2.68 12.80
60 -0.307 4.54 13.18
70 -0.301 6.69 13.50
| 80 -0.294 8.40 13.80
90 -0.285 9.70 14.04
i 100 -0.275 10.69 14.25
150 -0.214 13.35 14.97
200 -0.143 14.68 15.38
250 -0.068 15.48 15.81
273 -0.032 15.81 16.00
293 0.000 16.11 -_—
: 300 0.011 16.19 16.14
. : 350 v 0.094 16.80 16.49
g 400 0.179 17.36 16.73
. 500 0.358 18.35 17.29
600 0.545 19.18 17.75 1
700 0.741 19.89 18.21 '
800 0.942 20.44 18.58
900 1.149 20.84 18.93
1000 1.358 21.09 19.21
1100 1.570 21.26 19.45
1200 1.783 21.37 19.65
1300 1.998 21.48 19.84
1400 2.213 21.55 19.99
1500 2.429 21.61 20.12
1600 2.645% 21.64% 20.24%
16728 2.801* 21.66% 20.31*

* Extrapolated values.
t For the uncertainty in the recommended values, see text.
§ Solidus temperature.

Mean coefficient from 293 K to indicated temperature.
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8. AISI 410 Stainless Steel

AIST 410 stainless steel is austenitic at elevated temperatures and efither
ferritic or martensitic at room temperature because of lts low chromium content
and the absence of nickel. It 1is usually produced in the martensitic condition
resulting from being quenched and temperea. It would become ferritic by fully
annealing and slowly cooling. This steel is susceptible to temper embrittlement
in the temperature range 700-800 K (750-950°F). Therefore, services of this
steel at these temperatures should be avoided. This stainless steel is a low
cost general purpose steel of wide commercial applications, but it is inferior
to the austenitic stainless steels in corrosion resistance due to its low chrom-

ium content.

There are twelve sets of experimental data available for the thermal linear
expansion of either AISI 410 stainless steel or steels with similar composition
[21,23-29]. These data sets cover the temperature range 18-1195 K. The recom-
mended values of the percent thermal linear expansion are derived from the data
reported by Rhodes, et al. {21], Johnston, Altman, and Rubin [23], Sander and
Hidnert {24), Laquer [25], Lement and Averbach [26], and Shulga and Zamora [28].
A sudden drop in the percent thermal linear expansion values at 1125 K is due
to the a-B transformation. The recommended values above 1125 K are based on
the data reported by Sander and Hidnert [24]. Hysteresis effect in the thermal
expansion values possibly due to the improper heating and cooling rates used
are observed by Sander and Hidnert [24]. The tabulated values above 1200 K

are extrapolated.

The values of the mean coefficient of thermal linear expansion are calculated
from the recommended values of percent thermal linear expansion. The values
of the instantaneous coefficient are primarily based on the data reported by
Rhodes, et al. [21], Johnston, et al. [23], and Shulga and Zamora [28]. The
values obtained by differentiations of empirical equations which are used to
fit the thermal linear expansion values are used as a guide in determining the

general shape of the curve.

There is no significant metallurgical transformation in this steel upon
cold working. The thermal expansion is, therefore, not altered significantly
by it.
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The recommended values are tabulated in Table 8 and shown in Figure 8.

The uncertainty in the recommended values of the percent thermal linear expair-
sion and of the mean coefficient is within *5% below 800 K and about *10% above

that temperature. The uncertainty in the instantaneous coefficient values
is within $15Z.
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Table 8.

Temperature

(K)

; 10
1 20
30
40
50

60
70
80
90
100

150
200
250
273
293

300
. 350
: 400
) 500
600

700

800

900
1000
11008

11008
1150
1200
1250
1300

1350
1400
1450
1500

Thermal Linear Expansion of AISI 410 Stainless Steelt

Thermal Linear
Expansion
(2)

-0.177
-0.177
-0.177
-0.177
-0.175

-0.174
-0.172
~0.169
-0.166
-0.162

-0.132
-0.092
©-0.044
-0.021
0.000

0.008
0.062
0.119
0.238
0.362

0.488
0.618
0.748
0.882
1.019

0.770
0.862
0.961
1.065*
1.170*

1.282*
1.396%
1.520%
1.660%

Ingtantaneous

Coefficient of

Thermal Linear
Expansion
(10" ¢ 1

* Extrapolated values.
1 For the uncertainty in the recommended values, see text.
§ g~y phase transformation.
¥ Mean coefficient from 293 K to indicated temperature.
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10.00
10.37
10.65

10.72
11.22
11.58
12.08
12.43

12.80
13.10
13.30
13.55
13.75

18.13
19.07
20.03
21.01%
21.99%

23.19*
24,30%
25.42%
26.55%

Mean

Coefficient of -

Thermal Linear
Expansion’ ,

(10°¢ k%
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9. AISI 430 Stainless Steel

AISI 430 stainless steel is ferritic at all temperatures because of 1its
high (16-18%) chromium content. Ic is not hardenable by heat treatment, even
tought it may develop some austenitic structure upon heating. The amount of
austenite is probably insufficient to alter its properties significantly. Sim-
ilarly, no significant martensite is formed on cooling. This steel is suscep-

tible to embrittlement at 750 K (890°F), and therefore it is usually annealed
above this temperature.

There are seven sets of experimental data available for the thermal linear
expansion of AISI 430 stainless steel or similar materials [10,27,28,30]. These
data sets cover the temperature range 10-1183 K. The recommended values are
derived primarily from the data reported by Shulga and Zamora [28] and Clark
[30]). An o~y transformation takes place near 1250 K and this is shown by a
sudden drop in the percent thermal linear expansion values. However, no exper-
imental data are available for the thermal linear expansion near and above this
transition. Since this steel is austenitic above 1250 K, the values recommended

for AISI 410 stainless steel in the austenitic temperature range are adopted
for this steel above 1250 K.

The values of the mean coefficient of thermal expansion are calculated
from the recommended thermal linear expansion values. The values of the instan-
taneous coefficient are primarily based on the data reported by Shulga and Zamora
[28]), using also the values obtained by differentiation of empirical equations

used to fit the thermal linear expansion values.

As in the case of AISI 410 stainless steel, there is no metallurgical
transformation in this steel upon cold working. The thermal expansion is,

therefore, not altered significantly upon cold working.

The recommended values are tabulated in Table 9 and shown in Figure 9.
The uncertainty in the recommended values of the percent thermal linear expan-
sion and of the mean coefficient is within 15X below 1000 K and *10X above that

temperature. The uncertainty in the instantaneous coefficient values is about
+15%.
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- Table 9. Thermal Linear Expansion of AISI 430 Stainless Steelt
}
R Instantaneous Mean
S Coefficient of Coefficient of
: Thermal Linear Thermal Linear Thermal Linear
Temperature Expansion Expansion Expansion
(K) (2) @o ¢t K'Y [ )
. 10 -0.187 0.01 6.61
‘ ! 20 -0.187 0.32 6.85
30 -0.186 1.02 7.07
40 -0.185 1.70 7.31
50 -0.183 2.35 7.53
60 -0.180 2.98 7.73
} 70 -0.177 3.57 7.94
i 80 -0.173 4.15 8.12
| 90 -0.169 4,69 8.33
! 100 -0.164 5.21 8.50
. 150 -0.132 7.39 9.23
200 -0.091 8.89 9.78
250 -0.044 9.90 10.15
273 -0.021 10.25 10.38
293 0.000 10.50 -——
300 0.007 10.60 10.50
350 0.062 11.18 10.80
400 0.119 11.63 11.12
500 0.239 12.35 11.55
600 0.365 12.90 11.89
1 700 0.497 13.40 12.21
l 800 0.633 13.80 12.49
‘ 900 0.772 14,10 12,72
1000 0.915 14,37 12.94
1100 1.060 14.60 13.14
1200 1.206*% 14.77% 13.30%
12508 1.282% 14.85#% 13.40%
12508 1.065% 21.01% 11.13%
1300 1,170% 21.99% 11.62%
1350 1.282% 23.19% 12.13#%
1400 1.396* 24,30% 12.61%*
1450 1.520% 25.42*% 13.14%
1500 1.660*% 26.55* 13.75%

* Extrapolated values,

t For the uncertainty in the recommended values, see text.
§ a-y phase transformation.

Y Mean coefficient from 293 K to indicated temperature.
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V. CONCLUSIONS

— e & waliicn el

The present study of the thermal linear expansion of seven austenitic
(AIS1 303, 304, 304L, 316, 317, 321, 347) stainless stcels indicate that there

i8 consistent similarity in the magnitude and in the temperature dependence

LR P

R - ==of the thazmal linear expansion. For example, the thermal linear expansion
values of the stainless steels listed above are very close with the exception
of AISI 321 stainless steel whose values are about 2-7%2 lower. For the purpose
of comparison, the recommended thermal linear expansion values for AISI 304
and 321 stainless steels are shown together in Figure 10, and the recommended

values of the instantaneous coefficient of thermal linear expansion are shown
in Figure 11.
The martensitic AISI 410 and the ferritic AISI 430 stainless steels are
quite different from the austenitic stainless steels. However, the thermal
j linear expansion values of these two stainless steels are very close. For com-
parison, the thermal linear expansion values of AISI 410 stainless steel are

’ also shown in Figure 10 and the values of the coefficient of thermal linear i

- expangion are also shown in Figure 11.

v As evidenced by the available experimental data on the thermal linear

. expansion of nine stainless steels reviewed and discussed in this work, it is

} clear that for some of the stainless steels, the available data are very scarce
and serious gaps exist for the temperature dependence for most of them. The

resulting recommended self-consistent values that cover the full temperature

range go far beyond the limited experimental data and are, therefore, very

useful.
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