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Abstract

Korean-made alloys 600 and 690 tubes were evaluated by flare tests according to ASTM standar-
ds, and acting stresses during the test were analyzed. All the tubes, including alloys 600 and 690
tubes with various heat treatment conditions, satisfied the requirement with 30 or 35% O.D expan-
sion. Axial stresses in alloy 690 tubes were higher than those in alloy 600 ones and the gap increas-
ed gradually with flaring percentage(F.P, %). Assuming the tubes as the rigid-perfectly plastic body,
a stress equation was obtained using modified Tresca's vield criterion. Also microstructural change
of the flared tubes was discussed with the acting stresses.

1. Introduction

Alloys 600 and 690 with various heat treatment
conditions have been widely used as steam generator
tubes. For alloy 600 many research works have been
conducted to improve the corrosion resistance and
partly succeeded the goal and the special heat treat-

ment technique has been adapted for some dur-.

ation[14]. Recently alloy 690, due to its superior
corrosion resistance to alloy 600, is taking over alloy
600 for replaced or new steam generator{5-10].

In the assembly of steam generators, U-shaped
tubes are fixed in the tube sheet with the support
from tube support plates and ends of the tubes are
expanded in the holes of tube sheet by one of vari-
ous methods. Stress state during the expansion pro-
cess changes with the degree of expansion and along
the position within tubes, i. e, tensile stress in the
expanded region, compressive stress in the un-ex-
panded region and tensile-to-compressive in the fran-
sition region. Stress is one of important factors to

stress comrosion cracking(SCC) and especially re-
sidual stress introduced after any processings can
contribute to the stress corrosion cracking behavior
of the tubes. Residual stresses after other processings
could be removed by heat treatment, but not after
the tube expansion, because this is one of the last
procedures in the steam generator assembly{11-13].
Any minor cracks can initiate failure under operating
conditions of high temperature and pressure in nu-
clear power plant. Therefore tube suppliers have to
show that tube expansion procedure does not de-
velop any minor cracks in the tubes[14].

In this study Korean-made alloys 600 and 690
tubes were evaluated by flare tests and acting stresses
during the test were analyzed. Stress equation for the
flare test was obtained using modified Tresca’s cri-
terion and stresses during the test were calculated for
600 and 690 tubes. Mechanical properties from
over-all tube tensile test were used in the analysis.
Microstructural changes after the flare test were
observed and discussed with the acting stresses.
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2. Background Theory of Flare Test
of Thin-Wall Tubes

Cylinders or tubes are classified as thick or thin
ones according to the ratio of thickness to diameter,
t/D. When t/D is larger than 0.1, it is called as thick
one and when smaller than 0.1, as thin. In the case
of domestic steam generator, tube outer diameter
(OD) is 19.05 mm and well thickness is about 1.05
mm. So we can treat them as thin ones[15] and can
thus assume insignificantly the variation in stress
across the wall of the tube.

Figure 1(a) shows schematic tube section during

(@) (b)

2 gysin (d82)tds

2g,sin(dB/2)tdscos

Ty

{c)

Fig. 1.(a) Schematic Diagram on the Tube Flaring with

Conical Plug, 60° Angle.

(b) Stresses Acting on an the Small Fragmentary
Element of the Tube.

(c) Component of the Radial Force due to the
Hoop Stress, gs, Exerted on an Element in a
Direction Normal to the Plug.

flare test with conical plug of semisolid angle of «.
Tube with initial diameter Di{=2R)) is flared by a
conical plug until diameter becomes D2 =2R;). Each
element within tubes is under quasi-static state during
the flare test. Acting stresses at the any mean radius
of r are shown in Figure 1(b).

where g : axial stress, parallel to the plug face
) : hoop stress

P : pressure perpendicular to wall thick-

ness

©=pup : frictional stress between tube and plug

u : friction coefficient

t : wall thickness at any mean radius of r

ds :length of an element parallel to plug
face

The radial component of the force exerted on the el-
ement due to the hoop stress s, is 2 go sin(de/2) t
ds, which has a component normal to the plug face
as shown in Figure 1(c).

Resolving forces exerted on the element in a di-
rection normal to the plug face,

prdids — 20,sin(d0/2)tdscosa = ) (1)

sin d8 = d8,

pr d0ds— oy d0tds cosa = ()

since

p= 0, tcosalr (2)
Resolving forces exerted on the element in a direc-
tion parallel to the plug face

(g+dg)(r+dr) (t—dt) dd — qrdd0 +

20,sin(d0/2)tds sina + pprdfds =0 (3)

Neglecting the second derivatives, and dividing by(d#
dr)

() b gr (9 —gr( L)+

1 _
sina ) =10 4)

Combining the egn (2) and (4), we obtain the equi-

opt + ppr (

librium differential equation for tube flaring
o da dry _ at
rtC gV tatC ) —ar( o) +

gyt + peaytcota = () (5)



140

Assuming constant wall thickness during the process,
dt/dr — 0, equation (5} becomes

1'(%)+q+ gg(1+ pcota) =0

7'(%)+q+aﬂ(l+3)=0 (6)

where B = p cot «. Since t cos (a/r) is negligible in
the case of thin tube, the normal plug pressure p, is
smaller than circumferential one. Hence, geltensile)
> p = q (compressive) or 1 = 01, 62 = p and o3
= q. Von Mises’ criterion gives ¢f — o105 + 0§ =
Y?. For the same stress state, the Tresca’s vield cri-
terion gives g1 — o3 = Y. Von Mises’ vield criterion
is good for the vield phenomena of most metals, but
Tresca’s criterion is more convenient when the mag-
nitude and directions principal stresses are known
{10]. In this study we use modified Tresca’s vield cri-
terion, i. e,

o-0=mY (7)

when m is a constant derived by the method of least
squares and has the approximate value of 1.08.
Modified Tresca’s vield criterion is

g, ~(~q) =mY (®)
or

%=m¥=q ©)

where Y is average vield stress. Combining eqn (6)
and (9)

or Ly dg + (¥ -0 (1+B)=0
Therefore #( %ﬁ- Y+ Bg+mY (1+B) =10

__dq - ar (10)
[Bg—mY(1+ B)] 7

Integrating(10), (‘}g Yin(Bg+C)=lr+ A,

where In A is integral constant,
C=-mY(1+B)

(Bg+C)”* = r A

J. Korean Nuclear Society, Vol. 29, No. 2, April 1997

At the entrance fo the plug (where r =D1/2),q1 =0
C®=R A or A=C"R
(Bg +C)"=(nRi)C”

Bg+C=(rR)C
Therefore, axial stress becomes
q=(CB)[(@R) -1}

a=mY [(1+B)/Bl [1-(#/R))"] (11)

At the othé end of the plug, where r = /2, axial
stress, gz, becomes

a3 =mY [(1+B)/B 1 [1—(Ry/R)" ]
@;=mY [(1+B)Y/B ) (1-(D,/D))}*] (12)

Hoop stress, 6, can be obtained using equation (9)
and axial stress from equation (11).
Axial force JF, is thus given by FXqa{nDst/cos a)

F=(aDyt/cosa)m Y [(1+B)/B 1[1-(D,/D)" ]
(13)

3. Experiment

Six different tubes were flare tested; K600-MA,
K600-TT, and 1600-MA, K690-MA, K690-TT, and
1690-MA. Series K were prepared by Sammi Special
Steel Co. from alloy melting to mill annealing. Series
I were manufactured using INCO’s forged bar. MA
series are just mill annealed(1040°C/15min) ones
and TT series are vacuum heat treated (710 /15hr)
ones after mill annealing.

Chemical composition of the tubes are shown in
Table 1. All the elements are well with the required
composition range, but carbon contents in K tubes
are revealed as a little lower.

Tensile test specimens were prepared for over-all
tube test following ASTM standard[17]. Tube length
was 300mm and two 100 mm long steel plugs were
inserted in both ends of the tube. Gauge length was
70 mm and strain rate wes around 2X107%/sec.
Yield strength of 0.2% off set values was measured.
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Table 1. Chemical Compositions of Alloy 600 and 690 Tubes

(wi%)
Ni Cr C Mn A Fe Co S
K600 745 156 0016 021 013 72 003 <0001
K690 642 277 0014 023 024 81 012 <0.001
1600 742 153 0031 023 022 86 005 <0.001
1690 626 280 0020 008 035 92 012 <0001
[: INCO-made Tube K : Korean-made Tube
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Fig. 2. Schematic Diagram of Jig for Flare Test of
Tubes.

Tube samples for flare test were prepared as
50mm in length and the both ends of the tubes were
machined very slowly with lubricant to awoid any
work hardening effect.

According to ASTM standards on flaring tests
(B163-86a)[14], an expanding tool was prepared
with an included angle of 60°. The expanding tool
{conical plug) was fabricated with SKD-11 steel, of
which surface was hardened by heat treatment. Sche-
matic drawing of expanding tool is shown in Figure
2. Tubes were expanded by compression with the
expanding tools until outside diameter of the tubes
increased by 30%. Expanded tubes were visually
inspected after the flare tests.

Flare test was done using universal tester with 1 X
10 */sec strain rate at room temperature. Microstruc-
tural change was observed after flare test applying
usual metallographic preparation and electrolytic
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etching with 5% nital solution.

4. Result and Discussion
4.1 Flare Test

Table 2 shows the whole tube tensile test results.
Tensile and yield strength of alloy 690 tubes are all
higher than those of alloy 600 ones, but elongations
are similar. After TT processing (thermal treated at
710C for 15hr in vacuum after mill annealing) vield
strength decreases, but not the tensile strength.

No minor crack was found after flare tests with
30% or even with 35% O.D expansion for all tubes.
Thus, all the tubes were evaluated as good in the
viewpoint of flaring behavior. Specimens after 30%
and 35% O.D expansion were shown in Figure 3.

Figure 4 shows applied force-flare percentage (F.

P,%) flow curves. The flaring percentage (F.P, %) is
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Fig. 4. Flow Curves on Various Alloy 600 and 690
Tubes by Flare Test.
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presented as a function of the variation of tube di-
ameter. As flare percentage increases the applied

force increases. More force was needed for alloy 690 .

tube than for alloy 600 at same flare percentage(%)

Table 2. Mechanical Properties of Alloy 600 and 690 Tubes

. Thermal YS(MPa} Elongation

Specimens Condition ~ (0.2% Offset) TS(Mpe) (%)
K6OOMA 1040C/15min 407 o8
I600MA 1040C/15min 382 735 36
K690-MA  1040°C/15min 412 792 38
1690-MA 1040 /15min 450 785 37

K600-TT MA+710C/15hr 340 696 36

K690-TT MA+710C/15hr 380 791 38

*MA: Mill Annealed  TT: Thermally Treated
[:INCO-made Tube K :Korean-made Tube

™
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because alloy 690 contains more Cr and alloy 690
tubes shows higher work hardening effect than alioy
600 one. Tensile strength and elongation of alloy
690 tubes were similar with those of alloy 600 re-
spectively, but vield strength shows much higher than
alloy 600 (Table 2).

Figure 5 shows the microstructures before flare test
of alloy 600 and 690 MA tubes. In case of alloy 690
tubes (c,d) many twin faces are observed in grains,
and carbide precipitations are distributed along grain
boundaries. Figure 6 shows microstructures of alloy
600 tubes after 35% O.D expansion flare test. Figure
6 (a) and (c) shows grains elongated by hoop stress,
and (b) and (d) shows axial section of OD surface
and no significant morphological change. Figure 7

Fig. 5. Optical Microstructure before the Flare Test of Mill Annealed Tubes;
(a)K600-MA, (b)I600-MA, (c) K690-MA, (d) 1690-MA.
(K : Korean-made Alloy Tubes, I : INCO Alloy Tubes)
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Fig. 6. Optical Microstructure Showing Hoop(a),(c) and Axial(b),(d) Direction Deformation after Flare Tested Alloy

600 Tubes. ((a),(b) : K60DO-MA Tube, (c),(d) : 1600-MA Tube)

Fig. 7. Optical Microstructure Showing Hoop(a),(c) and Axial(b),(d) Direction Deformation after Flare Tested Alloy
690-TT Tubes. {((a),(b) : K690-TT Tube, (c),(d) : 1690-TT Tube)
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shows the microstructure of 35% O.D expansion flare
tested alloy 690 tubes. Figure 7 (a) and (c) shows
clearly that grains are elongated along tube hoop di-
rection like in alloy 600 tubes. Theyefore, Hoop
stress, g, was more dominant than axial stress, g

4.2 Stress Analysis

Rigid perfectly-plastic body was assumed for the
analysis of flow curve. Acting stresses a4, g, F during
flare test were calculated using eqn (9), (12), and
(13). Friction coefficient u, constant m, were
assumed as 0.2 and 1.08, respectively. Semisolid
angle of plug, o, was 30°. Values from Table 2 were
used for vield strength, Y, and wall thickness change
during the test was neglected.

Calculated values of o5 and q in alloy 600 tubes
are shown Figs 8 and 9, respectively. Hoop stress, a5,
increases almost linearly with flare percentage (%),
however axial stress, q, shows negative(—) value, i.
e., compressive stress, with some deviations among
tubes (Figure 9). The slope is highest in K600-MA
tube and lowest in K600-TT.

Table 3 shows the calculated values of 64, q, F in
30% OD expanded alloy 600 tubes. Again oo is
highest (61.27 kg/mm®) in K600-MA tube and lowest
(51.23 ka/mm?) in K6OO—TT one. Axial stress, q, is
largest {(—16.45 kg/mm®) in K600-MA tube and
smallest (—13.76 ka/mmd?) in K600-TT one. There-
fore the acting stresses in tube element during the
flare test are different with heat treaiment conditions
(MA or TT).

Figure 10 illustrates the calculated and the
measured values of axial compressive force, F, during
the tests of alloy 600 tubes. The calculated values for

Table 2. Flaring Stress on Alloy 600 in 30% O. D expansion

tubes
aslkg/mm®)  q (kg/mm?) F (kg
K600-MA 61.27 —-1645 —1431.28
1600-MA 57.46 —1546 —1345.06
K600-TT 51.23 —13.76 —1196.75
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K600-MA tube are very close to the measured one
after the transition region of about 10% expansion.
And K600-TT tube shows a little gap between the
measured and calculated values because of ad-
ditional thermal treatments;i. e, YS values of TT
tubes was reduced to 340(MPa) from 407(MPa) of
MA tubes, and UTS wvalues between two materials
does not have difference, as of 696 and 698(MPa).
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Fig. 8. Hoop Stress Analysis with F.P(%) on Alloy 600
Tubes.

K600-MA
---------- 1600-MA

Axisl Stress, g (kgnm?2)
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Fig. 9. Axial Stress Analysis with F.P(%) on Alloy 600
Tubes.
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Thus two curves between 600 TT tubes may differ
with a little gap due to YS values.

On the other hand alloy 690 tubes showed a large
gap between the measured and calculated values, as
shown in Figure 11. The measured values showed
higher than the calculated ones, and the gap be-
tween the two widen with flaring percentage(%).
Larger gaps in flow curves of TT tubes than MA

ones seem to be mainly attributed to the stress relief
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Fig. 10. Comparision of Calculated and Measured Flow
Curves on K600-MA and K600-TT Tubes with
F. P(%).
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Fig. 11. Comparision of Calculated and Measured Flow
Curves on K690-MA and K690-TT Tubes with
F.P(%).

effect foliowing more precipitation of chromium car-
bide along grain boundary, as shown in Figure 12(a,
b). After TT treatment carbide precipitate density
becomes higher. However, it seems to influence the
mechanical properties (including flaring behavior) by
stress relief effect due to further decrease of
dislocations and the supersaturated solid solution
hardening element (e. g. chromium) rather than car-
bide morphology itself although the main goal of TT
treatment is not the stress relieving.

In addition, the increasing of difference gaps of al-
loy 690 tubes with flaring percentage increases seems
to attribute to higher Cr contents, which may cause
more work hardening effects due to twin boundary,
as shown in Figure 7(bd). Consequently, whether

S 820

Fig. 12. Scanning Electron Micrographs of (a)
K690-MA and (b) K690-TT tubes. (etchant;
Bromine-Methanol Solution)
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theoretically
measured values or not, it depends on material
parameters ; alloy 600 or 690, and MA or TT.

obtained equations agreed with

5. Conclusions

All the alloys 600 and 690 tubes met with the
ASTM flare test requirements which no minor cracks
was found until 30% and 35% O.D expansion. Flow
curves measured during flare tests were steeper in
690 tubes than those in 600 ones and the gap
increased gradually with flaring percentage(F.P, %).
Calculated stresses, using modified Tresca’s vield cri-
terion, during flare test agreed well with the
measured ones for alloy 600 tubes, but deviated
from the measured ones for alloy 690 tubes. This
behavior seems to be attributed to the large chro-
mium content in alloy 690 and the bigger solid sol-
ution hardening effect. Flow curves between
calculated and measured values depend on material
parameters; alloy 600 or 690, and MA or TT. In case
of alloy 600 tubes, it became possible to predict the
mount of acting stresses within tubes during expan-
sion processes using derived equations.
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