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Abstract

Alloy 600 and 690 steam generator tubes fabricated in Korea were evaluated by flare

tests according to ASTM standards. The stress acting in the tube elements during the tests

was predicted. All the tubes, including alloys 600 and 690, satisfied the requirement of a

30% or 35% O.D expansion. Flow curves obtained from the flare test were found to be

higher in alloy 690 tubes than in alloy 600 ones. The difference between alloy 600 and

690 tubes increased gradually with flaring percentage (F.P,%). An effective stress

corresponding to mean vyield stress was introduced and calculated. It showed that the

prediction values were in good agreement with the measured ones for all the 690 and 600

alloy tubes. It became possible to predict the amount of acting stresses within tubes during

expansion process.

1. Introduction

Alloys 600 and 690 (UNS N06600 and
N06690) have been widely used as the heat
transfer tubing material of PWR's steam
generators. The tubes are required to keep
superior stress corrosion cracking (SCC)
resistance under corrosion environments,
accompanying the service stresses of high
temperature and pressure (310, 175 atm). If
radioactive containing substances at the primary
side leak to the secondary side owing to the
degradation of the tubes, it may cause serious
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safety problems for nuclear power plants. Thus,
it is important to evaluate the soundness of a
manufactured tube[1-2]. For alloy 600, a lot of
research work has been conducted to improve
the corrosion resistance with partial success. A
special heat treatment technique has been
conducted for some time. Alloy 690, due to its
superior corrosion resistance to alloy 600, has
recently taken over alloy 600 in replaced or
new steam generators[2-9)].

In the assembly of steam generators, U-
shaped tubes are fixed in the tubesheet with
support from tube support plates (TSP} and the
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ends of the tubes are expanded in the holes of
the tubesheet by one of the such as explosive,
mechanical and hydraulic methods[10]. The
tensile residual stress induced by the expansion
process is one of the important factors resulting
in to the initial cracking, and the stress level
changes with the method and degree of
expansion, and along the position within tubes.
Residual stresses existing after the expansion
process can not be removed because the
expansion process in the steam generator
assembly is the last procedure which any
thermal treatments do not follow[11-13]. Owing
to the applied and residual stresses, any minor
cracks can initiate failure under operating
conditions of high temperature and pressure in
nuclear power plant. Therefore, tube suppliers
must show that the tube expansion procedure
does not develop any minor cracks in the
tubes[14]. 1t is also needed to predict accurately
the acting stresses when a tube is assembled
into the tubesheet hole.

In this study, the stress acting in the tube
elements during the flare tests was predicted
for alloy 600 and 690 tubes made in Korea.
The theoretically-calculated stress for alloy
600 tubes, was well matched with the
measured ones, but for alloy 690 tubes was
not, as presented in a Kim' s previous
study[15]. In order to predict an accurate
stresses in tube expansion, an effective stress
was introduced and calculated. It showed that
the prediction results by effective stress were
in good agreement with the measured ones for
all the 690 and 600 alloy tubes. In this
analysis, the used mechanical properties were
obtained from the tensile test of the tube type.
Microstructural changes after the flare test
were also observed. This result can be utilized
to predict stresses with the flaring percentage
(F.P,%) when tubes are installed by the
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Fig. 1.(a) Schematic Diagram on the Tube

Flaring with Conical Plug,a=30°

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

(c) Component of the Radial Force due to
the Circumferential Stress, @5, Exerted
on an Element in a Direction Normal to
the Plug Face

expansion process.
2. Theoretic Analysis

Fig. 1(a) shows the schematic tube section
during a flare test with a conical plug of
semisolid angle @. The tube with an initial
diameter D, (=2R)) is flared by the conical plug
until the diameter becomes Dy(=2R,). Each
element within the tubes is under a quasi-static
state during the flare test. Because outer
diameter (O.D) of steam generator tube is
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19.05 mm and the wall thickness is about 1.05
mm, we can therefore treat the tube thin[16]}
and can assume the variation in stress across
the wall of the tube. Acting stresses at any
mean radius of r are shown in Fig. 1(b), where
q is the axial stress parallel to the plug face, o5
is hoop stress, p is the pressure perpendicular
to the wall thickness, 7 (=#p) is frictional stress
between tube and plug, is the friction
coefficient, t is the wall thickness at any mean
radius of r, and ds is the length of an element
paralle} to the plug face.

The radial component of the force exerted
on the element due to the hoop stréss gy, is 2
ay sin(dé/2) t ds, which has a component
normal to the plug face, as shown in Fig.
1(c).

Considering the equilibrium between forces
in the x and y directions and resolving forces
exerted on the element in the directions normal
and parallel to the plug face, and then
simplifying, we can obtain the equilibrium
differential equation for tube flaring, as reported
in the previous study[15].

(L)t g () = gr (Bt autt pagteate =0. (1)

Assuming the wall thickness constant during the
process, dt/dr — 0, equation (1) becomes

(%) + g+ 0,(1+B) =0 (2)

where B = u cot a. Since t cos (a/r) is negligible
in the case of a thin tube, the normal pressure
to the plug, p, is smaller than the circumferential
stress o 5. Hence, gs(tensile) = p = g
{compressive) or 6, = @, ;= p and o3 = g. If
the normal pressure to the die, p, is negligible
compared with the other two principal stresses,
then the stress is considered as a plane stress,
i.e., @3 = 0. In the case of plane stress, there
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are two combinations of stresses to be
considered. The von Mises criterion for vielding
leads to 6% -0, + 052 = Y* and the Tresca
criterion for yielding leads to 6; — o3 = Y [17].
The von Mises vield criterion is known to give
the better prediction for yielding of most
engineering metals. However, Tresca yield
criterion gives a simpler mathematical approach
when the magnitude and sign of principal
stresses are known. Therefore, in this study we
can use the modified Tresca yield criterion, i.e.,

g, — o3=mY (3)

when m is a constant derived by the method of
least squares and has an approximate value of
1.08. This value can be obtained from a
graphical representation between the Tresca
and von Mises vielding surfaces|[17].

For a strain hardening material having a
mean vield stress, Y, the modified Tresca yield
criterion gives

%% —-(—q)=mY (4)
or g =mY — q. (5)
Combining egns. (2) and (5),
(L) +Bg+m¥ 1+B=0

de dr

29 =
[(Ba—mY(1+B)] 7

Integrating (6),
(%)ln(Bq+C)=lnr+lnA,
= —mY(l + B)
Bg+C)'B=rA

where In A is an integral constant.
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Table 1. Chemical Compositions of Alloy 600 and 690 Tubes (wt%)

Ni Cr Cc Mn Al Fe Co S
UNSN .
72.0min. 14.0-17.0 0.15max. 1.0max. - 6.0-10.0 0.5max. 0.015max.
ASTM 06600
requirements  UNS 58.0min. 27.0-31.0 0.05 0.5 7.0-11.0 05 0.015
NO6690 .Omin. .0-31. .05max. 0.5max. .0-11. .Smax. 0.015max.
K600 74.5 15.6 0.016 0.21 013 7.2 0.03 <0.001
K690 64.2 27.7 0.014 0.23 024 8.1 0.12 <0.001
1600 74.2 15.3 0.031 023 022 86 0.05 <0.001
1690 62.6 28.0 0.020 0.08 035 9.2 0.12 <0.001

[ : INCO Tubes K : Tubes made in Korea

Because q; = 0 at the entrance to the plug
(where r = D,/2),

C”=R,AorA=C"/R;
(Bq+ C)1/8=(r/R1)CvB
B,+C={(r/R)°C.

Therefore, the axial stress becomes

g=(CBY[R)-1] o)
or a=mY [(1+B)/Bl[1-(+/R)® 1.

At the other end of the plug, where r = D,/2,
the axial stress, g2, becomes

Fx(nDyt/cosa)m Y [(1+B)/B 1[1—(D,/D;)* 1 (8)

Hoop stress, a,, can be obtained using equation
(5) and the axial stress from equation (7). The
axial force, F, is thus given by F = qu{rDt/cos
a). Therefore, the force variations can be
computed with the F.P(%) as follows :

@=mY [(1+B)/B 1[1-(D,/D)E1. (9
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Fig. 2. Metal Plugs for Tensile Testing Alloy
600/690 Tubular Specimens

3. Experiment

Six different tubes were used in the flare test :
K600-MA, K600-TT, 1600-MA, K690-MA,
K690-TT, and 1690-MA. Series K was prepared
by Sammi Special Steel Co. from alloy melting
to mill annealing. Series | was manufactured
using INCO' s forged bar. The MA series was
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just a mill-annealed (1040 /15min) one and
TT series was heat treated (710°C/15hr) in a
vacuum of 107 torr after mill annealing.

The chemical composition of the tubes is
shown in Table 1. All the elements agree well
with the composition range of the ASTM
requirements (B167)[18], but the carbon
contents in the K tubes reveal slightly lower
amounts.

The tensile test specimens were 300mm in
tube length and 70 mm in gauge length. Two
steel plugs 100 mm long were inserted into
both ends of the tube in order to support the
tube from jaw pressure, as shown in Fig. 2. The
tensile test was done with a 2.38 x10%/sec
strain rate at room temperature, following
ASTM standards(E83)[19]. The yield strength in
0.2% off set value was measured.

Tube samples 50mm long were prepared for
the flare test and both ends of the tubes were
machined very slowly with lubricant to avoid
any work hardening effect. According to ASTM
standards on flare testing (B163)[14], an
expanding tool was fabricated with an included
angle of 60°. The material of the expanding
tool was SKD-11 steel, the same material as
used in the previous study[15). lts surface was
hardened by heat treatment. A schematic
drawing of the expanding tool is shown in Fig.
3. Tubes were expanded by compression with
expanding tools until the outside diameter of
the tubes had increased by 30%. Expanded
tubes were visually inspected after the flare
tests.

The flare test was done using a universal
tester with the strain rate of 1x10% /sec at
room temperature. Lubricants between the
expanding jig and the tube were not applied,
i.e, the dry friction state. Microstructural
changes were observed after the flare test,
applying usual metallographic preparation and
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Fig. 3. Jig for Flare Test of Tubes

electrolytic etching {(D.C 3 Volt/ 1 min) with 5 %
nital solution.

4. Results and Discussion
4.1. Tube Evaluations and Flow Curves

Table 2 shows the results of the tensile test.
The tensile and yield strengths of alloy 690
tubes are all higher than those of the alloy 600
ones, but the elongations are similar. After TT
processing (thermal treatment at 710C for
15hr in a vacuum after mill annealing) the yield
strength decrease by 8-16%, but the tensile
strength was little changed although the major
purpose of the thermal treatments is to improve
the caustic SCC resistance by controlling the
carbide distribution. In order to reduce the SCC
threshold stress, it has been known that the
yield strength is recommended to keep as low
as possible[20]. The manufactured K as well as |
tubes agree well with the ASTM requirements,
as shown in Table 2.

Fig. 4 shows the applied force-flare
percentage (F.P,%) flow curves. The flaring
percentage (F.P,%) is presented as a function of
the tube diameter as follows :
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Table 2. Mechanical Properties of Alloy 600 and 690 Tubes

Speci Thermal YSIMPa) TS(MPa) Elongation
pecimens Condition (0.2% Offset) %)
UNS NO6600 Cold-worked 240 min. 550 30min.
ASTM annealed
requirements R : ;
q UNS NO6690 Cold-worked 240 min. 586 30 min.
annealed
K600-MA 1040 /15min 407 698 34
1600-MA 10401 /15min 382 735 36
MA
K690-MA 1040C/15min 412 792 38
1690-MA 10401 /15min 450 785 37
K600-TT MA+710¢/15hr 340 696 36
T
K690-TT MA+7107¢/15hr 380 791 38

* MA : Mill Annealed
[ : INCO Tubes

TT : Thermally Treated
K : Tubes made in Korea

1690-MA
K850-MA

Axial Force, KN

X600-MA

1800-MA -

X690.TT

K$00-TF

s L :
0 s 10 15 20 2%

Flare Percentage (%)

Fig. 4. Flow Curves of Force-F.P(%) Plotted by
the Flare Test in Various Alloy 600 and

690 Tubes

F.P (%) = (D;- D,} / D, x 100

(10)

where D, is the initial diameter and Dy is the
flared diameter. As the flare percentage
increases, the applied force increases. More
force was needed for the alloy 690 tube than

for the alloy 600 tube at the same flare
percentage(%). There were some difference
between the alloy 600 and 690 tubes at the
transient region of an initial flaring stage. That
is, in the alloy 600 tubes the axial force (B
region in Fig. 4) was little changed up to 15%
flare percentage, and in the alloy 690 tubes to
10% flare percentage (A region in Fig. 4). It
was considered that the higher work hardening
effect in the alloy 690 could attribute to the
higher Cr content, respectively. The tensile
strength and elongation of the alloy 690 tubes
were similar to those of the alloy 600,
respectively, but the vield strength was much
higher than that of the alloy 600(Table 2).
Thus, the tendency of flow curves depend on
alloy 600 or 690, and
thermal treatment conditions(MA or TT).

the material strengths :

Fig. 5 shows the microstructures before the
flare test of alloy 600 and 690 MA tubes. In the
case of alloy 690 tubes (c,d) many twin faces
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50 um

Fig. 5. Optical Microstructures Before the Flare Test of Mill Annealed Tubes:(a) K600-MA, (b) 1600-MA,

(c) K690-MA, (d) 1690-MA

were observed in the grains, and carbide
precipitates were distributed along the grain
boundaries. Distributions of the precipitates
resulting from thermal treatment conditions
may affect the SCC resistance of materials. The
microstructures of INCO and domestic K-tubes
were similar.

Fig. 6 shows the microstructures of alloy 600
tubes after a 35% O.D expansion flare test.
Figs. 6 (a) and (c) show the plane view of flared
0.D surface, where, the horizontal direction is
hoop deformation, and Figs. (b) and (d) show
the perpendicular cross section of an O.D
surface, where the vertical direction is a hoop
deformation. Fig.6 shows clearly that grains are
elongated by hoop stress. Therefore, hoop

stress, 6, was more dominant than the axial

stress, q.

After O.D expansion, the tubes were checked
visually along the flared wall to see whether any
minor cracks existed or not. No minor crack
was found with a 30%, or even 35%, O.D
expansion for all tubes. Thus, all the tubes were
evaluated to be good with regards to flaring
behavior. Fig. 7 shows the plane view of a 30%
0.D flared tube.

4.2. Stress Calculation

Stress analysis on tubes was performed
assuming for a rigid perfectly-plastic body.
Acting stresses such as 65, g, and F during the
flare test were calculated using eqns (4), (7), and
(8). The friction coefficient , and constant m,
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Fig. 6. Optical Microstructures Showing Circumferential and Axial Direction Deformation after Flare
Tested Tubes(a,b : K600-MA, c,d : K690-TT)

were assumed as 0.2 and 1.08, respectively.

The semisolid angle of the plug, a, was 30°.
The wall thickness change during the test was
neglected. In the previous study[15], a
theoretically-calculated stress for alloy 690
tubes was not consistency with the measured
one{15]. The strain hardening effects of
materials were not considered in the plastic
region. Namely, the 0.2% offset value of the
yield strength was used. The calculated stresses
were therefore lower than those of the
measured ones.

This study suggests that the strain hardening

effects be considered, because Nickel base alloy
has the strain hardening effects as solid-solution
hardened materials[21)}. It is therefore possible Fig. 7. Plane View of 30% O.D Flared Tube

to introduce the effective stress, which is the
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Table 3. Mean Yield Stress for Various Tubes
Material
TS K600-MA  1600-MA  K690-MA  1690-MA  K600-TT  K690-TT
Effective Stress
% 491 528 570 586 483 578
1100 T T T T 50 T T T T
m——— K600-MA r——— K§00-MA
P 1800-MA R L 1800-MA 7]
_ [ mmmee-- Ksso-MA 1 & mmemees K690-MA
2 B - 1690-MA ]
£ 3 = 0 .00 - Keoo-TT  §
k3 % -0 K680-TT
4 g o as0 b E
- & 00| B
= ] 5
g 3 <250 B
t ]
8 300 F D 1
g
- -350 |- 4
400 1 1 1 L
200 ; s \ | 1 o 1 20 30 40 50
o 10 20 30 40 80 E.P (%)
F.P (%)

Fig. 8. Circumferential Stress(¢s) Analysis with
F.P(%) on Various Tubes

new vyield strength due to the effect of cold
working. In order to quantify reasonably the
mean vyield strength as a function of cold
working, the loading is taken to be l{uniaxial
stress), and isotropy and volume constancy are

assumed. It can be written that {22]
o, = ¢and de; =de&. (11)
Thus, the tensile results are, in fact, descriptive

of an effective stress-strain plot. For this reason
it can be written as follows :

g, + Ke"=Y (12)

Qi
li

Fig. 9. Axial Stress(q) Analysis with F.P(%) on
Various Tubes

where @, is stress to elastic region, and K and n
are material constant. This equation may be
more satisfied than that of K €". From this point
on, we can use an effective stress. The mean
yield stress corresponding to the effective stress
was obtained graphically by using the tensile
plot. Determination of the effective stress was
obtained by taking an areal average, which is
the mean of the total energy stored to tensile
strength{UTS) from zero stress.

Mean yield stresses(Y) obtained from all the
tubes are presented in Table 3. It appears that
Y values are higher than 0.2% offset yield
strengths due to the strain-hardening effects,
while Y values are lower than flow stresses that
are the averages of vield and tensile strength.
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Fig. 10. Comparision of Analytical and Measured
Flow Curves with F.P(%) in K600-MA
Tube
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Fig. 12. Comparision of Analytical and Measured
Flow Curves with F.P(%) in K690-MA
Tube

The calculated values of g, and g in the alloy
600 tubes are shown Figs 8 and 9, respectively.
Hoop stress, g, increases almost linearly with
flare percentage {%). However the axial stress,
q, shows a negative(-) value, i.e., compressive
stress, with some deviations among the tubes
(Fig. 9). The slope is the highest in the 1690-
MA tube and the lowest in the K60O-TT.

Figs. 10 and 11 illustrate the calculated and

30 T T T T T T T

Analysis

Measured

Axial Force, KN
@

10

£P (%)

Fig. 11. Comparision of Analytical and Measured
Flow Curves with F.P(%) in K600-TT

Tube
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Fig. 13. Comparision of Analytical and Measured
Flow Curves with F.P(%) in K690-TT
Tube

measured curves of the axial compressive force,
F, during the tests of the alloy 600 tubes. The
calculated values for the K600-MA and K600-
TT tubes are very close to the measured ones
after the transition region of about 10%
expansion.

Figs. 12 and 13 illustrate the calculated and
measured curves of the axial compressive force,
F, during the tests of alloy 690 tubes. The
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28kV X500

Fig. 14. Scanning Electron Micrographs of (a)
K690-MA and (b) K690-TT Tubes
(Etchant ; Bromine-Methanol Solution)

calculated values are almost close to the
measured ones.
The gaps in the flow curves of TT tubes, rather
than MA ocnes, seem to be mainly attributed to
decrease in yield strength due to the stress relief
effect following more precipitates of chromium
carbide along the grain boundaries, as shown in
Figure 14(a,b). Although the main goal of TT
treatment is not stress relieving, the carbide
precipitate density becomes higher. Therefore,
it seems to influence the mechanical properties
{including flaring behavior) due to a further
decrease of dislocation and the supersaturated
solid solution hardening element(e.g chromium)
than the carbide morphology itself.

In addition, the gaps of the alloy 690 tubes
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with F.P(%) increases seems to be attributed to
the higher Cr contents, which may cause more
work hardening effects due to the twin
boundary, as shown in Fig. 5 (c,d).

Consequently, it became possible to predict the
amount of acting stresses within tubes during
expansion processes using derived equations.
The flow curves for various tubes depend on the
mechanical properties due to the material
parameters and thermal treatment conditions:
alloy 600 or 690, and MA or TT.

5. Conclusions

Alloy 600 and 690 tubes made in Korea met
with the ASTM flare test requirements. No
minor cracks were found until a 30% and 35%
O.D expansion. The flow curves measured
during the flare tests were steeper in 690 than
600 tubes and the gap increased gradually with
the flaring percentage(F.P,%). Calculated
stresses in the flare test agreed well with the
measured ones for all tubes, but deviated
slightly from the measured ones for alloy 690
tubes. This behavior seems to be attributed to
the large chromium content in alloy 690 and
the bigger solid solution hardening effect. The
tendency of the flow curves for various tubes
depends on the material parameters and
thermal treatment conditions : alloy 600 or
690, and MA or TT. From this result, it was
possible to predict the amount of acting forces
or stresses with F.P(%) when the tubes were
installed into the tubesheet by expansion
process.
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