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Stress is the direct cause of surface oxide scale exfoliation to ruin the protec-
tion for alloy matrix. Therefore, it is the key to study oxide scale mechanical
behaviour for discovering the oxidation resistance of alloys. In this paper, a
new kind of experimental method ‘Archimedes curve slice moment tech-
nique’ is studied to test in situ the real time oxide scale stress of ferro-based
superalloy K273 during all the high-temperature oxidation. By the derived
formula, the oxide scale stress 6 can be calculated precisely only by observing
Archimedes curve slice real-time polar radius OC’. Having been oxidated for
5 hours at 800°C, the oxide scale stress versus oxidation time is regressed to
follow parabola equation strictly. As the oxides grow and the inner new ox-
ides form in scales to press each other, the oxide scale stress is generated.
Analysed by SEM, EDS and XRD, the oxide scale is compact composite struc-
ture made up of Cr,0, and spinel (Fe, Ni, Mn)Cr,0,. The less oxide scale stress
increment brings about the lower oxidation weight gain rate and the better
oxidation resistance. Improved by the use of vacuum system, the Archimedes
curve slice moment technique is going to test the oxide scale growing and
thermal stresses qualitatively and quantitatively in situ all the time at high
temperature.
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Archimedes curve.

Hamnpy:keuHs € 0e3mocepeHbOI0 IPUUYNHOIO BiAIIapyBaHHA HPUIOBEPXHEBOL
IMUHIPH, IO MIPU3BOIUTDL 0 PYUHYBAHHA 3aXucTy MaTpuri crony. OT:Ke, Bu-
BUEHHSA MeXaHiuHOl HMOBEeNiHKM IIMHAPU € KJUeM OO0 BUBUEHHS CTiAKOCTH
CTOMiB 0 OKHCHEHHA. B maHiii poOOTi PO3TISHYTO HOBY €KCIEPUMEHTAJILHY
MeTOAY MipAHHSA CKPYYyBaJIbHOTO MOMEHTY JJIS TOHKOIO IIapy MaTepidiy, 1o
0yB BupisaHuUii 3a ApxiMeZ0BOI0 KPUBOIO, AKA CIAYTYE IJId in Situ JOCTiAKeHHA
B PEKUMIi peasbHOT0 Yacy HaIpPysKeHb, 1[0 BUHNKAIOTh Yepes MUHAPY Y CyIIep-
cTorri Ha ocHOBI 3asiza K273 BOpooBK yCHhOr0 BUCOKOTEMIIEPATYPHOTO OKMC-
HeHHsA. 3rifHO 3 oJep:KaHUM BUPA30M, AJS TOUHOTO PO3PAXYHKY V PERKMUMi
peanbHOro yacy HaIpysKeHb G, 1[0 BUHUKAIOTh 3aBOSKU IIMHAPi, JOCTATHBO
JIVIIIIE CIIOCTEPEIKEeHHs 3a moaapuuM pagirocom OC’ 3paska, BupisaHoro 3a Ap-
xiMmemoBoio KpuBoio. IIpu gocirigxeHHi Ipollecy OKMCHEHHA IPOTATOM 5 TOAUH
3a remneparypu y 800°C zaneXHicTh HAaIpy KeHb Uepes MUHAPY Bill Uacy OKu-
cHeHHA OyJI0 3BefieHO A0 piBHAHHA mapabosu. ITo mipi pocTy okcuay Ta dop-
MYBaHHS HOBUX BHYTPIIIHiX HOT0 IIapiB, AKi THCHYTL OAWH Ha OLHOTO, I'eHe-
PYIOTbCA HAINPYKEHHS 3a PaXyHOK IUHAPHU. AHaiisa, IpoBeleHa MeTOgaMuU
CEM, EPC ta PIOA, mokasaja, IO IIMHAPA YIIiJIBHIOETHCS Yy KOMIIO3UTHY
CTPYKTYDPY, AKa ckJyaagaerbca 3 Cry,O; Ta mmineni (Fe, Ni, Mn)Cr,0,. 3meH-
ITIeHH HATIPYKeHb, 1[0 BUHUKAIOTh 3a PAXYHOK IMIUHIPYU, IIPUBOAUTH A0 OiJIbIII
HUBbKOI HIBUAKOCTH OKMCHEHHS Ta IIiABUINEHHS CTiHKOCTHU OO0 OKMCHEHHS.
Iloninmieny BUKOPUCTAHHAM BAKYYMHOI CMCTeMU METOAUKY in situ MipsaHHsa
CKPYYYyBaJbHOrO MOMEHTY AJIA 3pa3KiB, BUpPisaHux 3a ApxiMemnoBOO KPUBOIO,
AKiCHO Ta KiJbKiCHO ImepeBipeHo MIJIAXOM AOCTiIKeHHA 3POCTAHHS ITUHAPHU Ta
TePMiUHUX HAIPYKeHb BIPOIOBIK YCHOTO Yacy BHCOKOTEMIIEPATYPHOT'O OKMC-
HeHHd.

KarouoBi caoBa: cymepcTon Ha OCHOBi 3asida, HaAIpyKeHHA, 1110 BUHUKAIOTH
yepes MUHIAPY, CTIAKICTh 10 OKMCHEHHs, ApXiMemnoBa KpuBa.

Hampsa:xkeHus SABJISIOTCSI HEIOCPEACTBEHHON NPUYMUHOM OTCJIOEHUS IIPHUIIO-
BEPXHOCTHOM OKAJMHBI, YTO MHPUBOAUT K PAa3PYIIEHUIO 3aIUThI MATPUIILI
cmiaBa. CiaemoBaTesbHO, U3yUeHNE MEXaHNUUYECKOTr0 MOBEeAeHUA OKAJUHEI AB-
JsIeTCs KJIYOM K BBISICHEHUIO CTOMKOCTU CILJIABOB K OKMCJIeHWIO. B maHHOMI
paboTe paccMaTpUBaeTCs HOBas 9KCIEPUMEHTAJbHAS METOAUKA W3MEePEeHUs
CKPYyUYHMBAIOIer0 MOMEHTa AJA TOHKOTO CJIOA MaTepuaja, BBIPE3aHHOTO IIO
KpuBO# Apxumezna, cay:Kalnas IJs in Situ M3yUeHUsS B PeKuMe peasbHOTo
BpeMeHU HATpPSIKeHNl, BOSHUKAIOIINX 3a CUET OKAJWHBI, B CyIllepcIljiaBe Ha
ocHOBe Kejyiezda K273 B TeueHMe BCEro BHICOKOTEMIIEPATYDPHOTO OKWCJIEHUS.
CorJiacHO MMOJIYYeHHOMY BBIPAKEHUIO, IJIsI TOUHOTO PAcuéra B PEKHMeE Peab-
HOTO BPEMEHM HANPSKEeHWH G, BOBHHUKAIOIIMX N3-38 OKAJUHBI, JOCTATOYHO
JIUIIb HaOMOAeHus 3a moJsapHeiM paguycom OC’ obpasiia, BHIPE3aHHOI'O IIO
KpuBoit Apxumena. IIpu rccieoBaHNY IPOIlecca OKUCICHUA Ha MPOTAKEeHUN
5 vacoB mpu Temnepatype 800°C 3aBUCUMOCTD HATIPSIKEHUN 13-3a OKAJTHUHBI OT
BpeMeHU OKUCJIeHUA Oblia cBeleHa K ypaBHeHHIo mapabosbl. Ilo Mmepe pocra
oKcuga u (GOpMUPOBAHUSA HOBBIX BHYTPEHHUX €ro CJIOEB, MaBAIIUX APYr Ha
Ipyra, TeHEePUPYIOTCS HAIPSIKEHU 34 CUET OKAJIUHEBI. AHAJIN3, IPOBEeAEHHBIN
metomamu COM, 9PC u PIIA, mokasaj, YTO OKaJIMHA YIJIOTHAETCA B KOMIIO-
BUTHYIO CTPYKTYpy, cocrodamiyio u3 Cr,0; um mmubenu (Fe, Ni, Mn)Cr,0,.
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VYMeHbIlleHNe HANOPAKEHNI, BOZHUKAIOIIUX 34 CUET OKAJUHLI, IIPUBOIUT K
0oJiee HU3KOI CKOPOCTU OKMCJIEHUS ¥ IOBBIIIEHUIO CTOMKOCTH K OKHUCJIEHUIO.
YaydieHHasA MCIOJB30BaHNEM BAKYYMHOM CHCTEMBI METOAMKA in Situ mame-
PeHUuA CKPYUYMBAIOIIET0 MOMEHTA JJIA 00PasIloOB, BEIPE3AHHBIX 110 KPUBOH Ap-
XUMela, KaUueCTBEHHO U KOJIWYECTBEHHO IIPOBEPEHA IYTEM HMCCJIEJOBAHUA PO-
CTa OKaJMHBI ¥ TEPMUUYECKUX HAMPSIKEHUUN Ha HPOTAKEHUU BCEr0 BPeMeHU
BBICOKOTEMIIEPATYPHOT'O OKUCICHUS.

Kiarouessie ciaoBa: CyIlepCIlJIaB Ha OCHOBE€ XXeJie3a, HallpAMXEeHNnd, BOSHUKAalo-
miue 3a CUET OKAJIMHBI, CTOMKOCTh K OKHUCJIEHUIO, KpuBasa ApXI/IMeI[a.

(Received June 6,2016)

1.INTRODUCTION

During high temperature oxidation, stresses arise naturally with oxide
scales forming on the surface of superalloys, forcing oxide scales to
wrinkle, break or even exfoliate off the matrix. The existing of stress-
es is the most important reason to ruin oxide scales and lose the oxida-
tion resistance, so it greatly influenced on the life of superalloys in
service. For a long time, researchers all over the world studied a lot for
oxide scale stresses, many creative techniques were developed, among
which pulling test [1-3], X-ray diffraction [4—6], and Raman spectros-
copy [7—9] were the typical ones, making great efforts to study the
generating mechanism of stresses and evaluate the protecting life of
oxide scales for superalloys.

Pulling test was the earliest research technique in exploring oxide
scale mechanical properties, simple, direct, and primitive, mainly en-
gaged in detecting the adhesive forth between oxide scale and matrix,
but poor in probing oxide scale stresses in situ. The pulling force re-
sults presented the comprehension of the adhesion strength with ma-
trix and the binding strength by itself, a kind of static fuzzy data of
multi forces, but not the accumulated dynamic stresses at real time in
scales, so it was hard for real time test in situ of oxide scale stresses.

X-ray diffraction was a kind of experimental method to detect the
oxide scale stress indirectly. Although several decades went by, there
were many uncertain factors and limitations to affect the oxide scale
stress testing. X-ray diffraction could only measure the superficial
stress, being insufficient for the thick oxide scale stress because of
weak penetrability. In addition, the oxide scale stress was calculated by
difference of diffraction peak drifting, which depended on the purity
of materials. The diffraction peak matched with the standard PDF card
without stress or impurity. Then, the exact testing of inner stress
would be affected by impurity or multidisturbing of materials. There-
fore, X-ray diffraction was only suitable for the oxide scale stress test-
ing of pure structure precisely and qualitatively, but not for the multi
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oxides or composite oxide scales.

Raman spectroscopy also tested oxide scale stress indirectly; the
spectra band choice, spectra peak precise location, laser penetration
and material purity all limited the accurateness of stress testing. For
composite oxide scale stress testing, Raman spectroscopy could only
detect it roughly, such as the stress distribution or direction, while the
stress qualitative or quantitative testing is insufficient.

It is of great significance to study oxide scale stress of superalloys
for its mechanical prediction in all kinds of conditions, theoretical cal-
culation of strength, on-line controlling in use, life evaluation, and
development of new high quality materials. How to test oxide scale
stress scientifically is the key problem in the work, namely, by what
means to measure the stress correctly and precisely. There is no way to
illustrate the mechanism of oxide scale stress generating and scale ex-
foliating without mechanical properties analyses accurately and quali-
tatively. With long term of research work on ferro-based superalloys
[10, 11], this paper studied a new technology called ‘Archimedes curve
slice moment technique’, which is expected to realize the real time ox-
ide scale stress testing of superalloys in situ.

2. EXPERIMENTAL PROCEDURE

2.1. Experiment Principle of Archimedes Curve Slice Moment
Technique

Archimedes curve is the trajectory running from circle centre at even
velocity along radial and circumferential directions at the same time.
As shown in Figure 1, let v be radial rate, o circumferential angular
rate, y rotating angle at any point K, o the angle between tangent line
KL and radial line KO, so the ratio of radial rate to linear rate is tgo
according to Archimedes curve characteristics:

tgo = KO, (1)
1%

Let the time running from circle centre to any point K be ¢. Then,

KO =vt, y = wt, and the formula (1) becomes (2):
tgoczKogzw—wzmt=(p. (2)

v v

‘When the metal is made to be Archimedes curve slice, being fixed at
the start point O and put horizontally, it will bend and deform by the
oxide scale stress torque during high temperature oxidation. Three
dimensional stresses at any point K on Archimedes slice surface come
into being, as shown in Fig. 2, o, is the tangent line longitudinal stress,
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Fig. 1. Track analysis of Archimedes curve.

o, the tangent line transversal stress, and ¢, the normal line stress. Ox-
ide scales grow on both front and back sides of Archimedes curve slice
in the same oxidation conditions, so stresses at any point share the
same size but different directions, which should be discussed accord-
ing to different cases.

For the normal line stress c,, its direction varies with the first de-
rivative dy/dx tendency of rectangular coordinates (x, y) on Archime-
des curve, namely the positive or negative sign of the second derivative
d®y/dx®. If the front side scale is convex, its dy/dx decreases gradual-
ly, and d®y/dx® < 0; on the contrary, the concave scale on backside leads
to increasing dy/dx, and d’y/dx*>0. Therefore, at any point on Ar-
chimedes curve slice, the oxide scale normal line stresses on front and

Fig. 2. Oxide scale stress analysis at any point K on Archimedes curve slice.
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Fig. 3. Oxide scale stress distribution of Archimedes curve slice.

backsides share the same size and opposite directions, of which one is
centripetal, and the other is centrifugal, as a result, there is no mo-
ment on slice matrix because of normal line stresses counteracting at
any point of Archimedes curve slice.

For the tangent line longitudinal stress o,, its direction is related to
the first derivative dR/d¢ of polar coordinate (R, ¢), namely the posi-
tive or negative sign of the second derivative d’R/d¢®. As shown in
Figure 1, the radius R increases gradually along Archimedes curve
slice:

R=KB=1O _ 0% __ v V1=Vl (3
o w

sinot sino  mcoso

Therefore, the first derivative of radius R at any point K was
dR v

do oo +1

stant v/, namely d*R/d@?> 0. Therefore, at any point on Archimedes
slice, the scale tangent line longitudinal stresses on front and back-
sides share the same size and direction, that the acting forces on Ar-
chimedes curve slice added each other.

For the tangent line transversal stress 6, its direction is always ver-
tical to the longitudinal stress or the normal line stress, also vertical to
the slice placing ground; so, there is no moment on Archimedes curve
slice in the placing horizontal plane.

In a word, among three dimensional direction stresses, only tangent
line longitudinal stress ¢, affects the slice bending in the placing hori-
zontal plane. In the same oxidation conditions, the oxide scale thick-
ness is even and same everywhere, and stresses at any point are iso-
tropic, so the three dimensional stresses are equal in size,
|Gj)= |Gy| =|o.,|. It is enough to study one dimension stress, and the

, increasing gradually with angle ¢, nearly to be a con-
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M=0 M =(cv/w)sin(arctge)tg(arctgg)

Fig. 4. Oxide scale stress moment distribution of Archimedes curve slice.

synthetic stress is o5 = 3/20,. In order to deduce formula clearly, the
tangent line longitudinal stress at any point is marked o, as shown in
Fig. 1, then, the effective stress on bending moment is osinca, and the
moment arm is KO:

KO = vt = vp/m = (v/w)tga. 4)
Therefore, the scale stress moment at any point K is M:

M = osinoKO = Zsin atga. (5)
0
In formula (5), o= arctgg, o increases with the curve rotating angle o.
The stress and moment distribution along Archimedes curve slice are
shown in Fig. 3 and Fig. 4, respectively.

The stress o holds the same value all over the slice, and the moment
varies from the minimum zero at start O to the matrix (cv/w)x
xsin(arctge)tg(arctge) at the end D. So, the total moment > M caused
by oxide scale stresses on both front and back sides of the whole Ar-
chimedes curve slice can be calculated by integrating in angle [0; ¢]:

[0) . (0] . (0] 2
ZM:QIcsvs1n0ctg0cd(p:2J~csv(ps1nocd(p:Qjcsv(p\/l—cos Ocd(p:
0 & 0 ® 0 ®

(6)

_ 2]‘3 Gv(p\/l ~(1+tg’)™ do = ZJ‘E cvpy1 -1+ ¢*)" do =
0 o 0 ®

¢

ovQ? ov
= 2] 22— dg = > [g\Jo" +1 ~log(o +o? + 1)];-
o W1+ ®
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[
\
Fig. 5. The bending displacement of Archimedes curve slice by oxide scale
stress.

Arc length is the product of radius and radian in a circle, hence the
Archimedes curve arc differentiation is:

d, = KOdo = vtde = 22 dg. (7
()]

The Archimedes curve slice length integrated in angle [0; ¢] is:
tv v
L=[=gdo==(¢"/2) . ®)
5 W ®

The Archimedes curve slice deformed to bend in the horizontal plane
by oxide scale stress with fixed total length and changing parameters
radial rate v, angular rate o and rotating angle range ¢, as shown in
Fig. 5, they turn from v,, w,, @, to be v,, ®,, @, + A respectively, in
which A is the net angle variation, hence formula (8) is deduced to be:

2
L) _ Ul(pO
A L ©)

v
L =-1(¢"/2) ,
, 20

1

2
L, =2 gy = Ll 2O (10)
, 20,
L,=L,, (11)
Ul(poz/(Z()Jl) = vg((po + A(p)z /(20)2), (12)

PorJV1 / O = (0 + A0, / 0y, (13)
A(P = (p()(\/v1/0~)1 - \/02/0)2 ) / \/02/0)2 = (po(\/(v1('02)/(vz(01) - 1) (14)




REALTIME TEST IN SITU OF SUPERALLOY OXIDE SCALE STRESS 1643

When metal bends by force, the torque T and the angle A follows
the formula (15):

_TL

EI’

where E—metal elastic modulus, L—metal length, I—sectional mo-
ment of inertia (I =bh®/12), b—metal width, h—metal thickness.

Archimedes curve slice stops to bend with the total moment balance,

meanwhile, the curve slice torque T is equal to the scale stress accumu-
lated moment > M :

(15)

T=> M. (16)

T can be obtained by solving formulas (9), (14) and (15):

3
(Po( 9 —1JEbh Ebh3m1( 9% —1}
T AQEI _ U0, 12 _ Uy an
L 0,0, /(2w,) 60,0,

When curve slice rotates angle Ag by scale stress, namely in the area
[0; @+ A@], the accumulated oxide scale stress moment > M can be
calculated by formula (6):

Po+A¢ Qo +Ap

2
Tor=2 [ O do= S 0o+ 1 -log(o + o'+ 1)
2

0

0

18)
1(0C)bov, 5 3
= w—[((Po + AQ)(Qo + AQ)® +1 —log(@o + AP + /(o + A®)* +1)].

For

Qo + AQ = Qg + 9o (\/(L103) / (V2001) — 1) = Qo+/(L1®3) / (V20) (19)
one can solve formula (18):
S u -
- n(oc;)b_gvz [(@o + AQ)Y/(Po + AP)® +1 —log(@y + AP + /(g + Ap)* +1)] =

(20)
m(0OC)bov YO YO YO YO
- M(OC)ov, 2[%\/—1 2\/%2—1 ’ +1—log(<po\/ — +\/<po2—1 ’ +1)}-

()} Uy Uy Uy Uy
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It is possible to deduce a formula (16) by (17) and (20) as follows:

Ebh’o,({(v,00,) /(0,00,) — 1) n(OC)vaz o \/vl \/ S0, L
6(pov1 0, U, @1)
—log(o, \/ 9% \/(poz Y 1)],
[PRON PRON
6 = ERPw, ({/ (1) / (v200;) — 1) (GR(OC)(Povl E]_ X
(07
(22)

-1
D, D D D
X (Po\/ - 2\/%2—1 2+1—log(cpo\/ —2 +\/<po2 —+1)| .

In experiment, with the Archimedes curve slice scrimping, the radi-
us OC’ at the rotating angle ¢ =2m could be observed at real time.
OC’ = vyt = v4(21/ W); SO,

v, _ocC

= , 23
0w, 2n (23)

v,/ is the ratio of the initial radial velocity to the angular velocity,
and the start length of Archimedes curve slice OC is OC=vt=
=v,(2n/m), hence,

bu 9 (24)
o, 2n
Therefore, formula (22) turns to be:
G = 2nEh3(W ~1)( 3q>0(oc)2(oc’))‘1 X
! (25)
{(p"\/ \/ oC’ log((p"\/oc \/ } '

The synthetic stress is 3% times of the tangent line longitudinal
stress of Archimedes curve slice. Thus,

G = 24/3nER3(,/(0C)/(0C') - 1) (39, (00)2(00’))‘1

! (26)
{%\/ \/ oc log(%\/oc \/ }

in which, o is oxide scale stress, E—slice metal elastic modulus, A—
Archimedes curve slice thickness, OC—Archimedes curve slice initial
polar radius, OC'—Archimedes curve slice real time polar radius, @,—
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Archimedes curve slice initial rotating angle.

From above all, the scale stress o at any point of Archimedes curve
slice could be calculated by equation (26) precisely only by observing
OC’ length at real time in situ with that the other factors are given.

2.2. Scheme Implementation

(1) Making of Archimedes curve slice samples. The standard superal-
loy K273 with the composition Fe80Cr20Ni5Mnb was selected to be the
test alloys. At first, the purchased @30 mm superalloy round bar was
melted and cast to be @100x10 mm roughcasts by high frequency in-
duction furnace TX-25, then the roughcasts were machined to be
@100x5 mm thick plates by X52K milling machine, and the plates were
wire cut by DK7740F to be Archimedes curve slice at last, as shown in
Fig. 6, of which the thickness was A =0.4 mm, width b=5 mm, initial
radius velocity v, = 2.5 mm/s, initial rotating angle velocity w; =0.314
s!, @, = 21, surface roughness no less than Ra = 0.8 um.

Before being milling machined, the roughcasts were heated to 950°C
for 5 hours, then cooled in furnace, eliminating the cast or structure
stresses by complete annealing, after that rough machining and finish
machining went on. Before wire cutting with no inner stress by elec-
tric-chemical machining, samples were annealed again at lower tem-
perature 200°C to 300°C to remove mechanical machining stress. Such
process guaranteed that there was no stress concentration in Archime-
des curve slice to prevent the influence on the oxide scale mechanical
properties detecting.

Before high temperature oxidation, slice samples surface were
washed clean by alcohol, no milling or polishing by emery paper in case
of stress concentration on sample surface.

(2) Oxide scale stress testing. Ferro-based superalloy scale stress was

Fig. 6. Specimen of Archimedes curve slice.
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tested using oxide scale stress testing apparatus of Archimedes curve
slice sample. As shown in Figure 7, the apparatus was made up of heat-
ing system SX2-8-13, temperature control system KYT, reading mi-
croscope JC-10, platinum rhodium thermocouple and so on. At first,
the slice sample placed in resistance furnace were heated quickly to
testing temperature, recording its beginning displacement OC, then, it
was oxidated at the constant temperature, and the oxide scale growing
stress came into being, resulting in sample slice deforming to bend,
meanwhile, the scale stress was calculated by equation (26) with re-
cording the displacement OC’ of slice directly at any oxidation real
time.

(3) Oxide scale characterizations. After high-temperature oxidation,
the oxidation weight gain was weighed to evaluate the oxidation re-
sistance of superalloys by automatic photoelectric analysis level
TG3288 10~* g according to Chinese Standard HB5258-2000. The mor-
phology and structure of oxide scales were analysed by JSM-5800 type
scan electrical microscope (SEM).

The elements existing in oxide scales were detected by Oxford INCA
sight X energy disperse spectroscope (EDS). The oxide scales composi-
tion was tested by Rigaku Horizontal X-ray diffractometer (XRD) with
use of radiation CuK,, 40 kV accelerating voltage, and 100 mA cur-

-

77 }7/ /V/’<
S8
\
11 %/
/ N TN
\ 'g,' R - ‘/: \
N[ e
A —“—_"

Fig. 7. Oxide scale stress testing apparatus of Archimedes curve slice sample:
1—KYT Temperature controller, 2—SX2-8-13 Resistance furnace, 3—JC-10
Reading microscope, 4—high temperature glass watching window, 5—
Archimedes curve slice sample, 6—sample fixing station, 7—platinum rhodi-
um thermocouple.
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3. RESULTS AND DISCUSSION

Having been oxidated at 800°C for 5 hours, the scale stresses of differ-
ent oxidation time were calculated and the curve versus time was plot-
ted in Fig. 8. Scale stresses increased gradually with time at high tem-
perature, but the increment in each oxidation time decreased step by
step, as shown, the slop of the curve was steeper at the beginning but
trailed off later.

Regressing the stress data by the least square method and curve fit-
ting, the equations were listed in Table 1, the curve of scale stress ver-
sus time followed the parabolic law (6 — a)® = bt.

The significance of regression equations and parameters in Table 1
were evaluated.

Given the significant level o.=0.05 for the curve of scale stress ver-
sus time at 800°C, F test for regression equation was calculated:

2 2
B 5 g 09611 oo
1-R 1-0.9611

F distribution critical value was consulted in mathematical statistics:

F=(n-2)

Ful,n-2)=10.13.

For F>Fy(1, n—2), hypothesis H, was refused, and H, was obtained.
The regression equation of test alloy (6 —3.1015)?=38.8391¢ was sig-
nificant, and the curve confidence level arrived at 95%.

The regression equation coefficient ¢ was calculated:

T =RJn-2/N1-R* =0.9611/5-2/41-0.9611% = 6.0269.

201
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167 14.8205 e

M7 126581
121

104
8.4377
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S o D
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T T T

1 2 3 4
Oxidation time, h

T

Fig. 8. Curves of oxide scale stress versus time of superalloy K273.
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t distribution critical value was consulted in mathematical statistics:
tosu(n—2)=3.182.

For T >ty ;.(n—2), hypothesis H, was refused, and H; was obtained.
The regression coefficients 3.1015 and 38.8391 of oxide stress equa-
tion were significant, and the confidence level reached 95%.

In conclusion, the curve of oxide scale stress versus time of test alloy
at 800°C followed the parabolic law strictly.

Early in the nineteen twenties and thirties, the relationship between
oxide scale thickness and oxidation time had been studied a lot deeply
by Tammann, Wagner et al. In oxidation atmosphere, the oxide scale
thickness of metals increased with oxidation time, that for alloys with
oxidation resistance, it rigorously followed the parabolic law
y*=Kt+C, in which y was oxidation scale thickness, ¢ oxidation time,
K and C constants [12—14]. Such typical theory had deeply influenced
the oxidation kinetics researches of alloys until now. The parabolic
functional relationship of oxide scale stress versus time regressed
above shared the same in nature with that of the oxide scale thickness.
The coefficient a and b in parabolic law (6 —a)?=bt were determined
synthetically by oxide scale composition, structure and density, oxida-
tion temperature, oxygen partial pressure and so on. The function of
oxide scale stress played an active role to guide detecting on line for
superalloys. The prediction of oxide scale stress by time was beneficial
for the monitoring of the exfoliation or ruining of oxide scale and oxi-
dation resistance of alloys.

At high temperature, oxidation reaction took place on the surface of
test alloys. On the basis of the principle of the lowest oxides forming
Gibbs free energy, consulting Ellingham figures, the matrix elements
Fe, Cr, Mn, Ni were oxidated to be FeO, Cr,0;, MnO and NiO, respec-
tively, such were the compositions of the first oxide scale at the begin-
ning. On the one hand, with the oxidation reaction going on, the exist-
ed oxides grew bigger and bigger, during which the bigger oxides
touched and pressed each other, as a result, the oxide scale stress
arouse. On the other hand, new oxides came into being constantly at-
taching on the former existed oxides, if they grew on the outer surface
of the oxide scales, with no concentration and naturally releasing of

TABLE 1. Regressing equations of oxide scale stress with time of superalloy
K273.

Correlation Regressing
coefficient (R) | time area, h

800 (0—-3.1015)*=38.8391¢ 0.9611 1-5

Temperature, °C Regressing equation
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Fig. 9. SEM morphology of oxide scale of superalloy K273 after 5 hours oxida-
tion at 800°C.

growing force, there was no stress accumulated in oxide scales; but if
the new oxides grew in the oxide scales, the growing brought squeezing
on the matrix or oxide scales, such inner oxides growing was another
main source of the oxide scale stress. To sum up, the oxides growing
and the inner new oxides forming created stress in oxide scales. When
such stress went up over the strength limitation of the oxide scale,
meanwhile, the alloy matrix was rigid without any deformation, the
scale would bear the full stress to break even exfoliate, speeding up the
oxidation reaction, losing the oxidation resistance and matrix protec-
tion, which was as far as possible to be avoided for superalloys in use.
In this experiment, the test alloys was made to be Archimedes thin
slice, which was elastic to be easily bent by stress. Whereupon, being
transformed to the deformation of the slice, the oxide scale stress was
calculated by the bending displacement.

After being oxidated for 5 hours at 800°C, the oxide scale morpholo-
gy was analysed by SEM. In Figure 9, it was found that the scale struc-
ture was complete, compact and continuous, fully covering the matrix.
The coarse oxides were the former generated ones as a result of contin-
uous growing, during which the oxide scale stress accumulated. Oth-
erwise, plenty of small oxide grains attaching on the coarse ones
formed later, scattering all over the scales at random, of which the in-
ner born ones also made lots of oxide scale stress. Analysed by EDS pat-
terns and X-ray Diffraction, as shown in Figs. 10 and 11, the oxide
scale composition of test alloys were made up of Cr,0; and spinel, a
kind of composite structure, in which FeO, NiO and MnO did not exist-
ed alone, but were polymerized together in spinel (Fe, Ni, Mn)Cr,0,.
Such compact highly composited structure endowed the oxide scale
high oxidation resistance for superalloys.

It was found that the oxide weight gain rate in every oxidation time
matched the oxide scale stress increment well. As shown in Figure 12,
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Fig. 10. EDS patterns of oxide scale of superalloy K273 after 5 hours oxida-
tion at 800°C.

less oxide scale stress increment corresponded to lower oxide weight
gain rate and better oxidation resistance. Lower oxide weight gain rate
meant less or slower oxidation reaction, and fewer new oxide produc-
ing. Therefore, there were fewer new oxides to draw or press each other
in scales, resulting in smaller oxide scale stress increment.

According to formula (26), the oxide scale stress was calculated only
by observing the Archimedes curve slice free terminal OC’, without de-
tecting oxide scale thickness or weighing oxidation weight gain, with-
out deriving the relationship of oxide scale thickness or oxidation
weight gain versus time. Especially, it was after the oxidation to detect
oxide scale thickness or oxidation weight gain of alloys, both of which
the real time testing in situ could not be carried out anyway. There-
fore, such Archimedes curve slice moment technique formula (26) was
terse, clear and convenient, realizing the real time detecting and calcu-
lating of oxide scale stress in situ.

4. EXPECTATION

The oxide scale stress tested above is a synthetic value, including grow-
ing stress in oxides forming and thermal stress during heating or cool-
ing. How to distinguish the growing stress and thermal stress is the
key problem in the next research work.

(1). Testing of oxide scale growing stress. Based on oxide scale stress
testing apparatus in Fig. 7, the vacuum system was introduced to test
oxide scale growing stress. As shown in Figure 13, the new experiment
device were made up of heating system, temperature controlling sys-
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Fig. 11. X-ray diffraction of oxide scale of superalloy K273 after 5 hours oxi-
dation at 800°C.

tem, vacuum system, reading microscope, vacuum gage, valves, and so
on. At first, the slice sample was heated to the given temperature in
vacuum condition, then broke vacuum by opening air valve, and let the
slice sample be oxidated in air for a certain time, during which the dis-
placement of the slice were recorded every moment, and the oxide scale
stress was worked out by formula (26). There was no temperature
change, oxides formed at the same temperature with no thermal stress,
so the stress measured was the pure oxide scale growing stress at given
temperature.

The bending slice displacement could be read in situ at real time by
long focus microscope directly through watching window fixed on the
furnace.

(2). Testing of oxide scale thermal stress. Oxide scale thermal stress
was tested after that for the growing stress. Having been observed the
bending displacement for a certain time oxidation at given tempera-
ture, the slice sample cooled down to room temperature, during which
the slice real time bending displacement was recorded and the scale
stress at different temperature was calculated by formula (26). Such
stress was the vector sum of the oxide scale growing and thermal
stress, subtracting the growing stress calculated above, the leave was
the pure thermal stress only by temperature changing. During the pe-
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Fig. 12. Oxide scale stress increment and oxidation weight gain rate of super-
alloy K273 at 800°C in different time.

riod of cooling, no oxidation reaction occurred without heating, and no
oxides formed. Therefore, no new oxide scale growing stress came into
being, and the growing stress could be looked as a constant at every
temperature, the same as that at the temperature from cooling. Even-
tually, the thermal stresses in oxide scale of slice samples in various
temperature ranges could be obtained exactly.

Such Archimedes curve slice moment technique could observe the
slice bending displacement in situ all the time in oxidation. Conse-
quently, the oxide scale growing and thermal stresses would be both
tested accurately at any temperature for a certain time, which was
hard in the former research technologies.

5. CONCLUSIONS

1. A new method of Archimedes curve slice moment was studied to test
superalloy oxide scale stress at real time in situ, in which the stress
calculating formula was deduced to be:

24/3nER3(\/(OC)/(0C") - 1)
OC 1, 20C |1 1o \/
OC/ (pO OC/ g (p()

O =

oC , OC +1)}

3(00(00)2(00'){%\/ oc 1% o0

in which, o is oxide scale stress, E—slice metal elastic modulus, z—
Archimedes curve slice thickness, OC—Archimedes curve slice initial
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Fig. 13. Oxide scale stress testing apparatus with vacuum system of Archime-
des curve slice sample: I1—reading microscope, 2—watching windows, 3—
vacuum furnace, 4—high temperature quartz cover, 5—insulating layer, 6 —
carbon tube heater, 7—Archimedes curve slice sample, 8—sample fixing sta-
tion, 9—cooling water box, 10—cooling water pump, I1—electric motor,
12—vacuum pump, I13—electric motor, 14—convex cavity diffusion pump,
15—high vacuum butterfly bumpers, I6—vacuum pressure gage, 17—
platinum rhodium thermocouple, 18—air valve, 19—electrical control cabi-
net, 20—transformer.

polar radius, OC'—Archimedes curve slice real time polar radius, @,—
Archimedes curve slice initial rotating angle.

2. The curve of oxide scale stress versus time of superalloy K273 fol-
lowed the parabolic law (o —3.1015)*=38.8391¢, strictly oxidated at
800°C in 5 hours.

3. The oxides growing and the inner new oxides forming created stress
in oxide scales.

4. Having been oxidated for 5 hours at 800°C, the oxide scale composi-
tion of superalloy K273 was composed by Cr,0; and spinel (Fe, Ni,
Mn)Cr,0,.

5. The oxide scale stress increment matched with the oxide weight gain
rate, the less stress increment, the lower oxidation weight gain rate,
and the stronger oxidation resistance.

This research was financially supported by the Scientific Research
Program of Shandong Higher Education of China (No. J14LA09) and
the National Natural Science Foundation of China (No. 51307091).
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