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Abstract. The martinsitic steel P91 belongs to the group of stestl in powel
plants. Machine coponents and equipmeconstructed withsteels fror the groug
(15HM -13CrMo44 (DIN) and 13HMF) areutilized in service ¢ increasel
temperatures. Sucheels are exposed to thermal fatigue loads, aetet corrosion
dynamic creep andlaxation (ratcheting) due to tension fatigue. Tihesx operatiot
conditions (temperare, pressure) have diversdluence on the evolutic process o
their physical pararters. In case of most steels used in power ptae magnet-
inductive measurennt of properties is a convenient technique foting sample:
when continuously aplied. The paper presents resuf tests performewon P91, 1!
HM and13 HMF ste:l sample. A low cost service life monitoring is prosex.

1. Introduction

Among the most precise rthods characterizing degradation processe may find neutro
and X-ray procedure§l]. The magnet-inductive methods sensitiv to the changes
electrical and magnetic pameters come ne The magnetonductive methods were ust
for crack detection. Noways these methods are being introd too to the detection of
operational fatigue process[3, 6, 7, 8]. Betailed comparison of inal (input) materia
parameters with paramet¢ of the material used for duration of tenf years i, in many
cases, directly impossiblédowever, uch a comparisonis indispenabl¢, for NDT and
NDE. The presentegphotographsshow in turn: the fragments of et chambes of the
second-stage superheatdrthe re-superheated steam (M-2) (Fip), heinlet chamber of
the live steam from the thi stage (Fig.1b) superheater of the live s, and the knee of the
re-superheated steam pipee (Fig. 1c).
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Fig. 1. Fragments of power inditry installations, locations where samples wétaio2d are shown; from tt
left: inlet chambell5HM, inlet chamber 20H12M1F, kne&#3HNF

The operational evation of mechanical [2] and magnetic paeters isnon-linear,
directly correlated witlthemical compositio of the material and the rcroscopic structur:
and operational load chareristics. One method of determinithe operational variability
of magnetic properties wille described here for several types of steie impact otype of
the operational loads dhe magnetic and electrical parameters of thaterial is diverse o
account of material's checal compositio and original microstructue. For each type ¢
steel, an independenndividual testing is therefore required.

2. Steel's characteristics

Chromemolybdenum 15HI (PN-75/H-84024 13CrMo4 5 acc. ENSteel is stainlestype of
steel, dedicated to work atghertemperaturesl5SHM steel is steel th good ductilityat
both hgh and low temperares. Thissteel is well suited to treatment,ed in chemistry ar
power engineering devicesperating at temperatures elevated to°C. This steel is used
for supeheater tubes and ves, pressure tanks and sheet metal di

Steel Standard Chemical composition

grade C Mn Si P S Cu Cr Ni| Mo other

15HM PN 0.11 0.40 | 0.15| max | max | max | 0.70| max | 0.40 Al max
0.18 | 0.70 | 0.35| 0.040| 0.040| 0.25 | 1.00| 0.35| 0.55 0.02

Constructionalalloy steel - chromium-molybdenunvanadium 13HMF PM75/H-
84024 (or its equivalert4dMoV6 3, 1.7715) wasised in the productionf boiler tubes, part
of steam turbines and boils workng at temperatures up to 560°C.

Steel Standard Chemical composition
grade C Mn Si P S Cu Cr Ni Mo other
13HME PN 0.10 | 0.40 [ 0.15| max | max | max | 0.30 | max | 0.50| Al max
0.18 | 0.70 | 0.35| 0.040| 0.040| 0.25 | 0.60 | 0.30 | 0.65| 0.02

Steel 20H12M1F (X0CrMoV121 acc. DIN) was used for pipespower equipment
operating atemperatures 3 to 60°C. This grade or its equivalent pgovided for round-
rolled bars, forgings, rounoars, flat bau.

Steel Standard Chemical composition
grade C Mn Si P S Cu Cr Ni Mo other
017 ] 030 ] 0.10 | max | max 070 | 12.0( | 030 | V0.25
20H12MIF| PN | 5531 080 | 050 | 0.035| 0.035| - | 1.00 | 12.0( | 0.80 | 0.035

The types of steellisted above constituted the basis of -war power industry
based mostly on GOST sidards Steel P91 (XCrMoVNDb9 1 ac®@IN) is especially suited
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to steam boiler, boiler parts, boiler drum, pressuessel construction. It may operate
continuously at temperatures up to about’650

Chemical composition
Steelgrade | Standatd-=—T G5 T B [ S | o] Ni| Mo| V] Nb| other
POl N:
ASME | 0.08| 0.30| 0.20| max | max | 8.0 0.85| 0.18 | 0.06
X s *| DIN | 0.12| 0.60 | 050| 0.035| 0.035| 9.5 | “%*%| 1.05| 025| 01 | 393

P91 steel and its predecessor, 20H12M1F steelnpetothe group of martensitic steels.

3. Tested material

As result of the conducted measurements, “virgimaditerials, found in the storehouses on
the market, were compared with material utilizedpower plant systems currently used,
made of steels 13HMF, 15HM and 20HM12M1F.

Metallographic tests were conducted using Hitachk#280 scanning electron
microscope coupled with an EDS system used foryXanecroanalysis. Visual observations
performed at magnitudes of 200x, 500x, 1000x ar@D2Qvere conducted along the entire
polished section of each sample. The charactenstioo structure elements detected in each
sample were digitally recorded. The selected nstnactures are presented in Figs 2 and 3.

13HMF — initial state 13HMF — final state

Fig. 2. Comparison of changes in steel micro structured 361MF and 15HM steels



20H12M1F — initial state 20H12M1F - final state
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Visual representation of oyational changes in stemicro structure:

13HMF initial state ferrite + pearlit 13HMF final state -bainite
15HM initial state -ferrite + pearlite 15HM final state ferrite + pearlit:
20H12M1F initial state #artensit 20H12M1F final state mtensite + carbid:

Fig. 3. Comparison € changes in steel micro structures for 20H12MbE P91 stee

When P91 steel sicture: are observedpperated previouslyr artificially aged
typical micro structure igempere martensitewith precipitated cavides bordering o
original austenite and mansite strips, and their visible growth [2]. ring lab tests whic
utilize fatiguetesting machies, the most promine kind of degradatiorconsists i cracking
of non-metallic inclusionsthe cracks are propagat to the inclsior pocket walls an
neighbouring structuressee Fig 4.
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Fig. 4.Images and composition of non-metallic inclusiohthe input material, before and after mechanical
loading at the MTS servo hydraulic machine

4. Measurement theory

The material's parametric relationships may beesgmted in the simplest way using an
appropriate model. The tested material (chara&driby its magnetic and electrical
parameters [4,10,11]) affects the measurement oélénarical parameters of a search coil
due to inductive coupliniy! (Fig. 5).
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Fig. 5. Model of the measurement circjit]

One of the simplest models described by Forster sascted [4]. When ratios of the

normalized impedance components [4] were compared
by and RB-R , 1)
wl, al,

information was obtained on the generalized impddhe operational processes on micro

structure changes and defects. By measuring th@@oemts_s andRs (elements connected

in series, or in parallel) of the tested impedaniteuit, information on the tendency of

changes in the permeability and electrical condwestas acquired.

When results obtained from material samples arepeoed, it is important to
maintain sample geometry (sample radig)sand measurement coil geometry on account of

the significant impact ofy coefficient, wherey = (D / D,)? . This is shown in the theoretical
formulas calculated with the help of Mathematicawafe from the following equations:

%[y_, bhe _@w_n=1=n+nu Refu |, (2
R-R =~ , 3
oL V_s e __,n]= =g IM[14 ] 3



1= k=S Xy i ) @
pisk = 2 >(Jl(ero),
kxro J,(kxro)
The limit frequency is defined by the relationship:
fy = 2/(7T><Dp2><yxltéx,q) (6)
It characterizes the penetration of eddy currentsraagnetic field into a cylindrical sample.

(5)

5. Measurements of magnetic parameters

The significant changes in inductance of the mesamant coil tested with sample taken out
of service were observed for steels 13HMF and 20HE2 In 15HM steel the changes were
detected only for the maximum dynamic permeabilitge curves of initial magnetization
and dynamic magnetic permeability for initial androv material and for material annealed
in order to eliminate second-order stresses [12al&khown in Fig. 6.

500
14 |B[T] el n B state- 13HMF
LA - O/ \ —4— initial
B {/ A operated
E 400:- /‘ S\ —O— annealed
1.0 | \%\
300 / .
0.8 B I Y,
£ A f
f A_r&iﬂ_ﬂ—ﬁ—*’—"ﬁ&_& e if‘ B, .
0.6 1 e 2004 & G
fs' " v L kel
b state- 13HMF Vo A
Ui /.’-( # A initial / Sy e S
Ag;“ / <+ operated 100 & \"w‘L.\ﬂk F e
e S
024 / p —O— annealed A —a A
. 4&{/ HIA/m] . HIA/mM]
» T T T T ¥ T 1 T i T T ¥ T T
0 2000 4000 6000 8000 10000 12000 14000 0 2000 4000 6000 8000 10000 12000 14000
0.8 =T 220
+ Bl 0] state - 15HM
r\{}\\ —&— initial
180 /ﬂ_a* \ \m — operated
- (¥ FAY —¢— annealed
1 | ‘aaneak
i F\%
140 /| B\
10
120 - ;,Z":
{/
100 %
L.‘
*
state - 15HM &0 =
—4— initial 60
—— operated 1
o annealed “
H [A 6
00 [A/m) . H (A/m]
A | T T T T T T T T T - T - i T r ; 4
0 2000 4000 6000 8000 10000 12000 14000 0 2000 4000 6000  80D0 10000 12000 14000



BIT]
0.4

0.0

0

2000

state - 20H12M1F
—£— initial

<+— operated
—o— annealed

H [A/m]

0

' I ' | " 1 ' T ' | v
4000 6000 8000 10000 12000 14000

80

70

60 -

50

20 |

10

30 %

s044/

state - 20H12M1F
initial
operated
—o— annealed

T

){k’*m&%h

H [A/m]

T
2000

T T T T T
4000 6000 8000 10000 12000 14000

Fig. 6. Comparison of changes in steels’ operational patars

Each steel type shows operational changes in renpeters. For field intensities up
to 200A/m, the values of the standard deviationdion the feasibility of using magnetic
measurements as observer of material’s fatigue tondi

6. RLC bridge measurements of P91 steel electricehnd magnetic parameters’
evolution

20H12M1F steel have been the basis for experimamdgests [14,15]. In case of P91 steel,
material worn out during industrial operation wad available. Therefore the tests were run
with unused (brand-new) samples of P91 steel atid avinealed samples. The materials in
their initial state and after annealing at BDOwere compared. The chart presenting
measurement results in five basic frequency ranfjgee RLC bridge (100Hz, 120Hz, 1kHz,

10kHz, 100kHz) [11] is shown in Fig. 7.
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Fig 7. Comparison of changes in normalized impedance ocoms, for two types of steel used in power
engineering

Comparable changes of material, in relation to afp@mal cycles, are obtained when
annealing for 80 to 100 thousand hours at a temyeraqual to 6. The real changes of
effective magnetic permeability and electrical cartdnce can be derived numerically from
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relative changes of the normalized impedance comysrshown in Fig.7. The significant
changes of P91 steel parameters are accompanieidsfantial changes in mechanical
parameters [2].

7. Design solutions

Changes in electrical parameters also include ahaofy resonant frequency of the
measurement circuit [5, 9, 10, 11]. The presendemdmagnetic body close to the wires is
the reason why such circuits become non-linear .8igThe wire reaction to the

ferromagnetic material places the above issue withe inspection tasks of non-destructive
diagnostic methods NDT/NDE [5, 10, 16-18]. Paramsetef pipeline section may be

controlled via induction coupling of one-wire measuent cable even at operational
temperature. If the wire probe is equipped witkesil coating, the high pipeline temperature
is less degrading the sensor properties than m aiasophisticated extensometers.

LDC 1000EVM

LDC1612, LDC1614

I
Fig. 8. Example of using LDC converter in the pipeline iason

In the lab, the testing of stretching of a metatjiass strip was started, using a two-channel
LDC1612 transducer. The photo of the test standtlamdecords of the measurement results
of the tension in the foil are shown in Fig.9.

Sensing Solutions EVM GUI

Data Streaming: | Start | Stop

Inductance {uH) v | Show: DATAD_uH™ DATA1_uH®

Fig. 9. Recording of stress changes in the metallic dltziks

8



This transducer records also changes in the reser@upling frequency.

8. Conclusion and future work

Impedance spectroscopy, normalized impedance comi@®ad magnetic resonance are
prospective observers of the material's degradatstete. The successive advantage
presented by these methods is the possibility afedesing the costs of the equipment,
without losing repeatability and sensitivity forteetion. The simple diagnostic methods do
not have to pose any hazard to the companies n&uotifay flaw detection devices, but they
may be used for modification of standard procedurnesrack detection. The proposed
method excited some interest in several academimdrase at home; first industrial
applications have been executed. The measuremehileso[16, 17, 18] of the company TI,
accessible in the market, seem like a good ste@rttsvfurther miniaturization and cost
reduction, while the metrological quality standardnaintained.
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