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Foreword

ISO (the International Organization for Standardization) is a worldwide federation of national standards
bodies (ISO member bodies). The work of preparing International Standards is normally carried out
through ISO technical committees. Each member body interested in a subject for which a technical
committee has been established has the right to be represented on that committee. International
organizations, governmental and non-governmental, in liaison with ISO, also take part in the work.
ISO collaborates closely with the International Electrotechnical Commission (IEC) on all matters of
electrotechnical standardization.
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INTERNATIONAL STANDARD ISO 13573:2012(E)

Corrosion of metals and alloys — Test method for thermal-
cycling exposure testing under high-temperature corrosion
conditions for metallic materials

1 Scope

This [[nternational Standard describes the methodology for thermal cycling corrosion testinh (known as
cycli¢ oxidation testing) of metallic materials in gaseous environments between ambient gnd elevated
temperatures (series of measurements on a single test piece with repeated, regiilar and controlled
temperature cycles). Italso may be applicable to other materials with some modifieations. Testts with ultra
short dwell times in the range of minutes or seconds are outside the scope of thisInternatiorfal Standard.

2 Normative references

The following referenced documents are indispensable for the application of this document. For dated
referjences, only the edition cited applies. For undated referenees, the latest edition of th¢ referenced
document (including any amendments) applies.

ANSI B74.12-92, Specifications for the Size of Abrasive Grain - Grinding Wheels, Polishing land General
Indugtrial Uses

ASTM E1350-97, Standard Test Methods for Testing Sheathed Thermocouples Prior to, [During, and
Aftern Installation

ASTM E220-02, Standard Test Method for Calibration of Thermocouples By Comparison Techniiques

ASTME230-03, Standard SpecificationandTemperature-Electromotive Force (EMF) Tables for Ytandardized
Thermocouples

ASTM E3-01, Standard Practicefor Preparation of Metallographic Specimens
ASTM E407-07el, Standard-Practice for Microetching Metals and Alloys

ASTM E633-00, Standard’Guide for Use of Thermocouples in Creep and Stress Rupture Testing to 1800°F
(1009°C) in Air

FEPA 43-1984 Ri1993, Grit Sizes for Coated Abrasives

ISO 3611, Geometrical product specifications (GPS) — Dimensional measuring equipment: Midrometers for
extennal‘'measurements — Design and metrological characteristics

ISO 634%-371998, Coated abrasives — Grain size analysis — Part 3: Determination of grain size distribution
of microgrits P240 to P2500

ISO 13385-1, Geometrical product specifications (GPS) — Dimensional measuring equipment — Part 1:
Callipers; Design and metrological characteristics

ISO 26146, Corrosion of metals and alloys - Method for metallographic examination of samples after
exposure to high temperature corrosive environments

JIS R6001-87, Bonded abrasive grain sizes

3 Terms and definitions

For the purposes of this document, the following terms and definitions apply.

© IS0 2012 - All rights reserved 1
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surface film and corrosion products produced on the surface of the test piece by high temperature corrosion

3.2

adherent scale

scale adheri

3.3

ng to the test piece even after cooling

spalled scale

scale flaked

from the test piece

3.4
delaminate
scale fully o

3.5
gross mass
mass chang

3.6
net mass ch
mass chang

3.7
high tempe
corrosion o

environmenft but at least 100 °C

3.8
breakaway|
rapid incred

3.9

thermal cy
sequence off
heating pha

4 Testm
4.1 Reag

4.1.1 Test

The test pieg

d scale
I partially detached from the surface but still in contact with the test piece

change
e of the test piece after cooling, including collected spalled scale

ange
b of the test piece after cooling, without including the mass-efispalled scale

rature corrosion
ccurring when the temperature is higher than tlre dew point of aqueous phases o

se in corrosion rate following a change'from protective to non-protective scale growt}

Cle
temperatures that is repeated throughout the test. A single thermal cycle consists g
5e, the hot dwell time, thelcooling time and the cold dwell time

ethod
bnts and materials

pieces

césyshall have the form of a rectangular plate, a disc or a cylinder with a surface ar

f the

f the

ea of

300 mm?2 at

T and a thickness of 1,5 T at I,

If the test pieces cannot be made according to these specifications, the shape and dimensions of the test
piece shall be in accordance with the agreement between the parties involved.

The test pieces shall be finished by machining so that the strata affected by cutting do not remain.

The final finishing of the surface of the test pieces shall be performed with abrasives with mean particle
diameter of approximately 15 pm. This can be achieved by the use of abrasives according to Table 1.

Ifanother surface finishisrequired by the parties involved, the surface finish condition shall be described.

© ISO 2012 - All rights reserved
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Table 1 — Designation and mean diameter of particles of coated abrasives according to

regional standards

Standard Designation

Hm

Mean diameter

Region

FEPA2 43-1984 R:1993, Grit Sizes for Coated Abrasives
ISO 6344-3:1998, Coated abrasives - Grain size analysis —

Part

P240 to P2500

P1200 15,3+1,0

3: Determination of grain size distribution of microgrits

Europe

JISR

6001-87, Bonded abrasive grain sizes #1000 15,5+1,0

Japan

ANS
- Gr

| B74.12-92, Specifications for the Size of Abrasive Grain

600 16,0

nding Wheels, Polishing and General Industrial Uses

America

a

H

ederation of European Producers of abrasives

Shar
final

The
of th
howyq

Whe
of co

The
for e
ISO 3

The {

Ifitig
itisn

The j
madg{

Itis

4.1.2
The g

Whe
wate

p edges of the test pieces may give anomalous behaviour. These shall be slightly rounde

surface of the test pieces shall not be deformed by marking, stapiping or notching. Ig
b test pieces shall be solely on the basis of recording the relativéposition within the t¢
bver, holes for the test piece support (Figure 5) and or reference-marking are permissil

Fe holes are used for the test piece support, they shall be dtilléd prior to final finishing o
htings. These have to be taken into account when calculating the surface area.

limensions of the test pieces shall be measured prior to exposure at a minimum of thr
hch dimension with a precision of £0,02 mm by“means of the measuring instruments

ecommended that the cleaned testpieces are stored in a desiccator prior to weighing and

mass of the test pieces shall be determined prior to exposure. At least two measuremg

stages of the test piece preparation.

611 and ISO 13385-1.
est pieces shall be dried after degreasing by ultrasonic cleaning using iso-propanol or

suspected that specimens may adsorbsignificantamounts of atmospheric contaminants s

 for each test piece. The difference between the measurements shall not exceed 0,05 1

ecommend that duplicate test pieces are used each time.

Gas supply for’closed system operation
as supply system shall be capable of supplying the test gases ata constantrate to the test pi

h a humidifying regulator is used, it shall be capable of adjusting to the desired humidit]
r ofé ‘conductivity less than 1 uS cm-1 shall be used, unless otherwise specified.

d during the

lentification
bst chamber,
le.

application
ee positions
specified in
ethanol.

uch as water,
exposure.

ents shall be
ng.

bce chamber.

ly. Deionized

A R +1 1 C B 14 R | ~ _— 1 1 111 1 _—1
The SPAdLT DELWCETIT LT ITUIITTUIT y IITg TTEUIdLUL d1IU LIT LES U PITLE LIIdITIIDCT S1idIT DT KEPL dD

point in order to avoid condensation.

ve the dew

The gas flow shall be monitored by a gas flow meter. The flow meter shall be located as close as practicable
to the inlet of the test piece chamber except where a humidifying regulator is used, in which case it shall

belo

cated upstream to the humidifier.

For testing in air, a specific humidity (mass fraction of water in air) of ~20 g/kg is recommended. This
corresponds to a relative humidity of 100 % at 25 °C (dew point) and is easy to obtain by bubbling
through a water bath of 25 °C.

If any other humidity is employed, it shall be agreed between the parties concerned.

In the case that the gas is humidified the water vapor content shall be measured. For example, this can
be achieved by the use of a hygrometer before the test piece chamber or by measuring the amount of

© IS0 2012 - All rights reserved
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water after condensation of the exhaust gases or by measuring the water consumption of the humidifier
over the course of the experiment.

The formation of condensed phases from the test gas during the cooling cycle shall be avoided. This may

be achieved

by turning off the humidification or by switching to an inert gas.

4.2 Test apparatus

4.2.1 Design of apparatus

The ‘appara

as a closed $

regulator s}
be monitorg
accelerate c

The heating
environmen
the test pied

The test pie¢

the testto a

If a closed sy
system with
should be k¢
Ideally, how,

The furnacs
length of th
moveable th

The time-d¢
test piece sh
cycle, accorg

The temper
piece is kept
fluctuate dy
The control

d with a hygrometer. The gas supply shall be controlled by a gas flow nieter. A facil
boling may also be included. Examples of basic designs are shown in Figures 1 and 2.

device shall be constructed such that the test piece chamber is isolated from the ext
t. It shall be ensured that a continuous gas flow within the prescribed range passes
es.

degree that it changes the composition of the atmosphere.

rstem with a test piece chamber cannot be used, then the tests may be performed in an

laboratory air. In this case the humidity of theair shall be recorded and the laborat|
pt free from temperature changes and influences from weather conditions, as far as pos
pver, closed systems should be used.

shall be characterized at the exposure:temperature prior to the testing to determin
e isothermal zone inside the furnacéi"A common method is by the use of an indepe|
ermocouple.

all be recorded prior to the testing in order to allow definition of the parameters of a the
ling to 4.3.3. This can be'\achieved by using dummy test pieces and appropriate thermon

hture regulating device shall be capable of guaranteeing that the temperature of thg

pendent temperature response during the thermal cycling at a position at, or near to,

brnal
over

e chamber shall not be composed of a material that reacts with the test atmosphere difiring

open
ories
sible.

e the
dent

the
rmal
etry.

test

within the permissible range given in Table 2. The temperature of the furnace may v

without beifng exceeded.

The heating
thermocoup

y or

e to movement.of the furnace (less pronounced when the test piece supports are moyed).
system used-shall ensure that the desired temperature inside the furnace is reached rapidly

I deévice thermocouples for temperature control shall be as follows: The materigl for
léshall fully withstand the testtemperature. Moreover, the diameter of wire is recommepnded

to be as small as possible, within the [imit where the thermoelectric power does not change in service.

© ISO 2012 - All rights reserved


https://standardsiso.com/api/?name=ce27b3da5efc0a554c25138f42c5b92b

ISO 13573:2012(E)

6
| / |
| 5 | 7 | g |
/ / _ /
| 9 10 11 12 | 13
| | N / w/ A
1 2 .l/ N /14
> S C==31h I R
S N T
| w |5
T <1 16
4 > 17
N/ AV i
2\ ] 2
18

© IS0 2012 - All rights reserved 5


https://standardsiso.com/api/?name=ce27b3da5efc0a554c25138f42c5b92b

ISO 13573:2012(E)

11 9
10 __ N
i 7
==
/
19
6
5 o
. / MLl 8
' =5 ==
1 3
I
’X_ | —
1 N
= il T
T i 13
1l
4 1 15
NNV I 16
/ Yl L d
- 7 17
14
N / »
18
b)
Key
1 Blower 11 Test piece support
2 Humidifying regulator (electgonic type) 12 Shielding plate (movable type)
3 Hygromgter 13 Cooling chamber
4  Air flow meter 14 Test piece carrier
5 Heating zone withuribbon heater 15 Temperature regulating device
6  Testing gortion 16 Power control device
7  Heating zone 17 Measuring instrument
8 Cooling zone 18 Thermocouples
9  Heating furnace 19 Crucible

10 Test piece

Figure 1 — Basic design of a closed horizontal (a) and a vertical (b) apparatus,
examples for setups with movable test piece support
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Key
1 Gassupply 9  Test piece chamber
2 Gas flow meter 10 Test piece
3 Valves 11 Test piece support
4 Humidifyfing regulator (electronic type) 12 Thermocouples
5 Hygromefer 13 Power/Temperature control dgvice
6 Heating device contajning catalyst for non-equilibrium gas mixtures 14 Direction of furnace movement
7 Heating zZone with ribbon heater 15 Gas exhaust
8 Heater 16 Measuring instrument

Figure 2 — Basic design of a closed horizontal (a) and a vertical (b) apparatus,
examples for setups with movable furnace

Table 2 — Permissible tolerance of temperature of test pieces

Temperature range, °C <300 [{300to 600|600to800|800to 1000 1 Ogggo 1 >1200
;,rg mperature tolerance, +2 +3 +4 +5 +7 By agreement

8 © IS0 2012 - All rights reserved
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4.2.2 Temperature monitoring

The temperature shall be measured by a suitable device, according to ASTM E633-00. Thermocouples
of type S (Pt - 10 % Rh/Pt) or type R (Pt - 13 % Rh/Pt) are preferred for the temperature range: room
temperature up to 1 700 °C. A thermocouple should be positioned close to the test piece surface and
shall be calibrated according to the following paragraph. If, however, the environment does not allow the
use of such thermocouples in this way, the test piece temperature has to be deduced from the furnace
calibration using dummy test pieces and appropriate thermometry in an inert environment.

Calibration of thermocouples shall be performed in accordance with ASTM E220-02, ASTM E230-03, or
ASTM E1350-97. A representative thermocouple taken from the batch of wire may be calibrated.

Itis
expe|

The
rang

Ther]
fully

4.3

4.3.1
The 1

The
betw

The 1

ecommended that thermocouples are recalibrated annually or at the beginning and th4
riment, if there is uncertainty about thermocouple stability.

Lhermocouple shall be capable of confirming the temperature of the test piece to bd
b given in Table 2. It has to be on a defined, fixed place as close to the test pieces as pos

mocouple sheaths shall be used to protect the thermocouple wires. The thermocouple
withstand the test temperature and environment.

Procedure

Support of test pieces
est pieces shall be supported, according to the follpwing principles:

fest piece shall be supported by a material that"does not react at the test temperat
een the test piece and support shall be minimized.

upport of the test piece to be used shallbe designed to be able to collect the scale, eve

during testing or during cooling after finishing the test.

Whe
piecd

The 9

Exan
Figu

Whe
of th
of th

Whe

h testing multiple test pieces simultaneously, each test piece shall be inserted into an in
supportin order to enable the collection of all scale, including the scale spalled from ea

upportdesign shall ensurethatno majorfaces ofthe test pieces are shielded from the test

ples of suitable test_piece supports and basic layout of test piece arrangement aj
fes 3to 5.

e the possibilty’of the depletion of active species in the test atmosphere is a concern, t
e test atmosphere can be improved by the use of holes or slots in the bottom area of t}
e test piece support.

h ofily net mass change data are required, multiple test pieces may be inserted in

b end of each
b within the
sible.

heaths shall

ire. Contact
n if it flakes
Hividual test
th test piece.

htmosphere.

e shown in

he exchange
le side walls

h single test

piecd

Stpport.
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Key
1  High purity alumina tube for supporting test piece
2 Testpiede

NOTE left = side view; right = cross sectional view

Figure |3 — Test piece support and basic layout of test piece arrangement — tube design
(this type of support is not suitable for rapid heating and cooling)

1

1

I I

I I

I I

LL____ 1]

Key
1 holes
NOTE left = side view; centre = cross sectional view; right = top view

Figure 4(— Test piece support and basiclayout of test piece arrangement — round crucible
1 2

Y — \ /\

T \ I

| |

|

L__1 | |

NOTE left'=side view; centre = cross sectional view; right = top view

Key
1 holes
2 aluminafod

Figure 5 — Test piece support and basic layout of test piece arrangement — rod supported design

4.3.2 Test environment

The gas flow shall be high enough to ensure that no significant depletion of reaction species will occur.
At the same time, the gas flow shall be slow enough to allow the gas mixture to preheat and, in some
applications, to reach equilibrium. The flow rate of the test gas shall be sufficient to ensure complete
replacement of the test gas within the test chamber at least three times an hour.

For testing in air in closed systems, the humidity should be controlled, as specified in 4.1.2.

10 © IS0 2012 - All rights reserved
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Fortestinginairinopensystems,itshould be noted thatthe humidity oflaboratoryair varies significantly
depending on the location of the laboratory and local weather conditions. It must be recognized that
these variations may affect test results significantly. In this case, the humidity of the laboratory air shall
be recorded during the test.

For testing in other environments, the humidity should be specified and measured.

4.3.3 Definition of a thermal cycle

A thermal cycle consists of: the heating phase, the hot dwell time, the cooling time, and the cold dwell
time. An example for a hot dwell temperature of Tqwel = 1 000 °C is given in Figure 6. The four phases of

a teniperature cycle are defined in the Tollowing paragraphs.
1200 —
1000 — —
800 —
%)
&= 600 —
B~
400 —
200 —
0
t
Key
t Time 4  Cold dwell time (T < 50 °C)
T  Temperature 5 Temperature curve
1 :I:eating time 6 T=097Tawen=0,97-1273K=1235K|=962°C
2 ot dwell time(F> 0,97 Tqwell) 7 T=50°C=323K
3 [ooling time
Figure 6 — Definition of a thermal cycle with a hot dwell temperature of 1 00D °C

The heating time starts when the test pieces are heated (e.g. by entering the furnace) and ends with the
beginning of the hot dwell time.

Thehotdwell time starts when the actual temperature exceeds 97 % of the desired hot dwell temperature,
Tawell (measured in K). Extensive numerical calculations and comparison between hypothetical and real
temperature cycles have shown that only those times of the temperature cycle contribute to oxidation of
the test pieces where the temperature is close to the hot dwell temperature [3]. The hot dwell time ends
upon removal from the furnace.

The cooling time starts when the heating of the test piece is stopped (e.g. by the removal of the test piece
from the furnace) and ends when the actual test piece temperature falls below 50 °C.

© IS0 2012 - All rights reserved 11
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The cold dwell time starts after the test pieces have cooled below 50 °C and ends when the test pieces

are heated a

gain.

4.3.4 Types and dwell times of thermal cycles

4341 Ty

Two general

pical types of thermal cycles

types of thermal cycles are typical for industrial applications:

Thermal cycling with long dwell time aims to simulate conditions in large-scale industrial
facilities_encountered in applications such as power generation plants, waste incineration or

chemic
term op
plant sh
conditid

the nunmber of cycles is, related to the long operation time of the components, relatively sma

typicall

Thermal cycling with short dwell time is typically experienced in applications such as indus

gas turl
and shu
Also, th
shorter
than in

4.3.4.2 Hg

Heating and
features of t
the transfen
that heating

1 industry. In these applications, the metallic components are designed for extremely
eration, e.g. for typically up to 100 000 h. Thermal cycling of materials occurs due ta pla
utdowns e.g. for regular maintenance or due to unplanned shutdowns as a result’of d
ns. Therefore, the time intervals between various thermal cycles are relatively long

iy around 50 cycles.

ines, jet engines, automotive parts, heat treatment facilities etc. Theintervals between
tdown of the facilities are generally much shorter than in applications with long dwell t
e design life and/or the time until complete overhaul/repair-{typically 3 000 to 30 000 K
and, depending on the specific practical application, thénumber of cycles is much h
the cases above.

ating and cooling times

| cooling rates may affect the results significantly and are determined by the det
he experimental facilities. Controlling parameters include the thermal mass of the sy;
mechanism, and the presence or otherwise absence of forced cooling. It is recomme
times should not exceed 30 min while-cooling times should not be longer than 60 min

4.3.4.3 St

reasons, it is
witha20h]
heating timg

4.3.4.4 SY

The definiti
shall be 1 h,
reported. Fd

-

The definition of 4.3.3 for a thermal cycle shall be applied to long dwell time testing. For pra

dard test parameters for long'dwell time testing

useful to stay within a\24 h operation rhythm. Therefore, experiments shall be perfo}
hot dwell time and a 4 h period which includes the cooling time, the cold dwell time, an
. The heating and\cooling times, according to 4.3.3, shall be reported.

hindard test‘parameters for short dwell time testing

bn of 4,3:3.for a thermal cycle shall be applied to short dwell time testing. The hot dwell
the, dold dwell time shall be 15 min. Heating and cooling times, according to 4.3.3, shd
rweighing procedures for mass determinations, the cold dwell time may be extende

long
nned
ffset
and
], i.e.

trial
start
mes.
) are
gher

hiled
tem,
nded

rtical
‘med
d the

time
11 be
d but

shall be kep

4.34.5 Ot

as’shart as pnccih]n

her dwell times

Dwell times that differ from the standard in 4.3.4.3 and 4.3.4.4 are allowed under exceptional
circumstances if agreed between the parties concerned.

4.3.5 Testing duration

The testing duration shall be atleast 300 h of accumulated hot dwell time to allow a significant oxidation
of the test pieces. For more reliable results it is, however, recommended to extend the accumulated hot

dwell time t

12

o atleast1 000 h.

© ISO 2012 - All rights reserved
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Figure 7 shows three different types of oxidation behaviour giving an indication of minimum testing
duration. Testing is usually terminated when protective behaviour is no longer found for the materials.

g 0

=
Key
n number of cycles
Ampel  net mass change according to Formula (3)
1 Spalling after initial protective period
2 Breakaway oxidation after initial protective period
3 Spallation from the start of testing

Figure 7 — Different types-of oxidation behaviour during thermal cycling

4.4 | Determination of mass change

4.4.1 Principle

In order to define oxidation kinetics, determination of the mass change has to be performed. It is
recommended to usé’duplicate test pieces for each material. When handling specimdns, the use
of tweezers is recommended. Test pieces shall never be touched with the hands to eljminate any
contamination (grease, salts). Care has to be taken when using gloves as the contaminatjon with the
separating agent of the gloves leads to falsification in mass determination. If repeated mgasurements
are not consistent, the temperature and humidity of the weighing environment has to be cqntrolled.

4 4 $. Vi 1 te-rnriardo-tftackina
e ¥4 IVICASUI CITITIILO lJl 1IULl U tc)l—llls

New test piece supports shall be baked in air to remove volatile compounds from production. The
recommended baking conditions are at least 24 h at a temperature of 1 000 °C. If water adsorption is
suspected to have occurred, used test piece supports shall be dried at significantly above 100 °C.

The mass of the test pieces shall be determined prior to exposure (mt(to), Figure 8). At least two
individual measurements shall be made for each test piece with a precision of 0,02 mg. The maximum
difference between the measurements shall not exceed * 0,05 mg.

The mass of the test piece supports shall be determined prior to exposure (ms(to), Figure 8). At least
two individual measurements shall be made for each test piece support. Where the test piece support
has a mass of less than 20 g, the precision shall be 0,02 mg. The maximum difference between the
measurements shall not exceed * 0,05 mg. For test piece supports of higher mass the precision shall be
0,1 mg. The maximum difference between the measurements shall not exceed * 0,3 mg in this case.
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When only net mass change data are required, mass determination of the test piece supportis notrequired.

4.4.3 Inte

rmediate and final mass change determination

After removing from the furnace, the test piece support containing the test pieces shall be settled in the
weighing room for 15 min to allow the test pieces to acclimatize. The test pieces shall not be descaled.
However, loosely adherent or delaminated oxide scale shall be removed by gently tapping the test piece
on the inside of the test piece support to ensure that the spalled scale is collected. All spalled scale shall

be retained

in the test piece support upon re-insertion into the furnace for continued exposure.

In the case that hygroscopic corrosion products have been formed, test pieces should be weighed as soon as

possible ors

If significan|
indication fd
of the furna

For each ma
support (co
and the ma
Three indiv
test piece sy
deviation fo

Care shallb
contacts wi
circumventy
tweezers wi
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mst massg
ms mass g
mrt mass g
14

[t formation of volatile species occurs, this will interfere with the mass determinatio
r the formation of volatile species is deposition of liquid or solid products at the'ceoler |
Ce.

ss change determination (at intermediate stages and final stage), the miass of the test

htaining one test piece and spalled scale), the test piece support (ificluding spalled 4
5s of the test piece (including adherent scale) shall be determined’as shown in Figy
dual measurements shall be made for each test piece support containing one test piece,
pport and each test piece with a precision of 0,02 mg for each measurement. The stan
' each set of measurements shall not exceed 0,05 mg.

th tweezers etc. A test piece support with a rod_support design, as shown in Figy
the problem and allows the determination of mass changes without direct contact ¢
th the test piece, as shown in Figures 9 and 10.

ST

f test piece support with test piece
f test piece suppoft

f test piece

Figure 8 — Mass determination - variant I
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o .

Mgy m m

Key
mst mass of test piece support with test piece held by alumina rod
ms  mass of test piece support

mT | mass of test piece with rod

Figure 9 — Mass determination - variant II
(test piece can be removed by holding the rod with tweezérs)

1

G '

Mgy (t) m (L) m . (&)

Key
mst(f;]) mass of test piece support with test piece held by e.g. alumina rod at ¢
ms(t; mass of test piece support including spall-at ¢

mT(t mass of test piece with rod at ¢
1 spalled oxide

Figure 10 — Mass determination variant Il
(in which spallation has occurred)

Grosp mass change Aflgross as defined in 3.5 is determined according to Formula (1):

A mgross(tn) insT(tn) - mst(to)
(1)
where
Amgross(tn)  is the gross mass change at time t, (mg),
mst(tn) is the mass of test piece support and test piece at time t, (mg),
mst(to) is the mass of test piece support and test piece prior to the test (mg).
The mass of spalled oxide Amgpa) is determined according to Formula (2):
Amgpan(tn) = ms(tn) - ms(to)
(2)

where
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Amgpayi(tn)  is the mass change of spalled material at time ¢, (mg),

ms(tn) is the mass of test piece support at time t, (mg),
ms(to) is the mass of test piece support prior to the test (mg).
mst(tn) is the mass of test piece support and test piece including spall at time t, (mg).

Net mass change Ampet as defined in 3.6 is determined according to Formula (3):

Ampet(tn) = mr(tn) - mr(to)

(3)
where
Ampet(th) is the net mass change at time t, (mg),
mt(tn) is the mass of test piece at time t, (mg),
mt(to) is the mass of test piece prior to the test (mg),
or when a r¢d supported design, as shown in Figure 7, is used byxFormula (4):
Ampet(td) = Amgross(tn) - Amspall(tl)
(4)

where
Ampet(th) is the net mass change at timé-t,, (mg),
Amgross[tn)  is the gross mass change at time t, (mg),

Amgpanitn)  is the mass of spalled’'material at time ¢, (mg).

4.4.4 Frequency of mass change determination

For long dwgell time testing, mass change measurements shall be made once each working day for the
initial part gf the test, measurements may be made less frequently as the test progresses.

In short dwgll timetesting, the extension of the cold dwell phase due to the mass change measurenpents
must be takeninto account. Therefore the number of mass change measurements shall be small enough
to minimize-these-possible-inflaenees but-high-enotgh-to-obtain-meaning CHEVES

change measurements on a daily basis have proven to be practicable.

Itisrecommended to documentthe macroscopicappearance ofthe testpiece surface by macro photographs.

4.5 Analysis of mass change

Net mass change of test pieces shall be plotted versus time, as shown in Figure 11. According to common
use in high temperature oxidation testing, the mass change is usually described mathematically
by Formula (5). The values for the oxidation rate constant k, the exponent of the growth law n, the
protective oxide growth time tprotective, and the corresponding number of cycles Nprotective, shall be
reported. Determination of these values is described in the following paragraphs.
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Figure 11 — Net mass change as a function of time

The dlouble logarithmic plot (log net mass chdnge versus log time) may reveal a change in the
of oxiidation behaviour (spallation, breakaway oxidation) by a change of the slope. As long 3
oxid¢ growth takes place, it can be described mathematically by Formula (5).

11 11
A " A == A - -
AMnet | _jp 5 AMmeblpngn y Jog[ 2Mnet |_jog| knen |=L(iogk+logt)
A A A n

A change in the mechanism (spallation, breakaway oxidation) becomes apparent by a c}
slop¢ in the double logarithmic plot. The point at which this occurs can normally be identifi
inspe¢ction and detérmines the end of the linear part of the curve.

Analysis of the linear part of the curve by linear regression yields the slope b = 1/n an
interfcept, as-shown in Figure 12.

mechanism
S protective

(5)

lange of the
ed by visual

d the y-axis
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log (Am/A)

logt
Key
¢ Experimpntal data 5 log (Am/A)profective - log (Am/A)300 h
1 Linear rgnge 6 log tprotective
2 t300h- tyrotective 7 logt300n
3 log (Am/A)protective 8  Fittg€xperimental data
4 log(Am/A)300h

Figure 12 — Double logarithmic plot of mass change vs. time

From the y-gxis intercept the oxidation rate cehstant k, for the linear region, shall be calculated as given
in Formula (6)

a=logk — a=%logk —k=10"" 6)

For a strict¢r mathematicalydetermination of k, n and the protective oxide growth time tprotectiye an
iterative prgcedure shallbe applied. Firstly, a best fit line shall be drawn through the data points ip the
“linear range” using/hé functionality of simple spreadsheet calculations. The correlation coefficient
defined by Hormula-{7J shall be maximized by including or excluding data points near to the point where
the data poipts leave the linearity area.

(3 e A /)
kalugL,wgu'“A)

Ologt .o-logA%

with the standard deviations GlogM/A and 0,4, and the covariance cov(logt,log /A) between two

(7)

Y Am/ =
logt,log /A

data sets defined by Formula (8).

n

1
COV(X,}’)=;Z(X1'—.UX)(}’1‘_.Uy) (8)
j=1
The data points included in the calculation of the correlation coefficients shall be used to finally calculate

kand n. The latest data point included in the linear regression shall be reported as tprotective (pProtective
oxide growth time).
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