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We analyzed magnetic minor hysteresis loops of 1Cr-0,5Mo-0.25V ferritic steel subjected to creep at 923 K under tensile stress 
of 25 MPa. The minor-loop coefficients, which are obtained from the power-law scaling rules and indicators of internal stress, 
sharply decrease at the primary creep, become almost constant at the secondary creep, and then slowly decrease at the ternary 
creep. This behavior is similar to that of Vickers hardness and both the properties show a linear relation. The good relationship 
between the coefficients, creep strain and hardness as well as a low measurement field required for the coefficients indicate that 
magnetic method using minor hysteresis loops can be a possible technique for nondestructive evaluation of ferritic steels during 
creep. 
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1 INTRODUCTION 
 
 
 
 

Low-alloy Cr-Mo-V steels have been extensively used 
for high-temperature power plant components such as 
steam pipes, pressure vessels. When subjected to high 
temperature and stress, slow plastic flows ie creep, induce 
the nucleation and growth of carbides as well as 
multiplication of dislocations. The multiplication results 
in the formation of microscopic voids and cavities, which 
make the components susceptible to macroscopic rapture. 
Accurate determination of creep damage of such compo-
nents and prediction of their lifetime have a key role for 
long-term operation at high temperatures [1]. 

Currently, the surface replication method, which 
detects the microstructural state in surface regions, is 
widely used. However, this method requires numerous 
microstructural samples from different locations for data 
reliability and the information obtained is limited to that 
around the surface although the creep damage does not 
necessarily take place only around the surface. A 
complementary method which allows for the fast and easy 
detection of the creep damage at and below the material 
surface is therefore indispensable. 

Magnetic method using minor hysteresis loops has 
several advantages to get information on lattice defects in 
ferritic steels. It was revealed in plastically deformed [2] 
and cold rolled [3] steels that minor-loop coefficients 
obtained from the scaling power-law rules are sensitive to 
internal stress due to lattice defects and can be obtained 
with low magnetic fields, typically less than 2 kA/m, 
which is far less than saturation field of > 10 kA/m. In 
addition, the coefficients showed a good correlation with 
mechanical properties such as hardness and ductile-brittle 
transition temperature. 

In this paper, we have measured magnetic minor 
hysteresis loops of Cr-Mo-V ferritic steels subjected to 
creep and the relation between creep damage and the 
magnetic property changes is discussed. 

 
 
 
 
 

2 EXPERIMENTAL PROCEDURE 
 
 
 
 
 
 
 
 

2.1. Samples and Measurements 
 
 
 
 
 

Commercial plates of Cr-Mo-V steel (ASTM A193-
B16) used in previous microstructural and electromagnetic 
acoustic resonance investigations [4,5] were used for 
magnetic measurements. The chemical compositions are 
listed in Table 1. The creep tests were performed at 923 K 
in air under applied tensile stress of 25 MPa for specimens 
with the gauge length of 35 mm and the gauge section of 
18  5 mm2. About 11 specimens with different creep 
strain were prepared. 

Bar samples with dimensions of 2.1  2.1  14.0 mm3, 
whose long axis is the stress direction, were cut from the 
creep specimens. A magnetic yoke made of pure iron was 
used to form a closed magnetic circuit. The current with a 
triangular wave form and a frequency of 0.05 Hz was 
applied to the exciting coil wound around the yoke in 
order to generate a cyclic magnetic field and magnetize 
the sample. The magnetic field within the sample was 
obtained from the voltage across a 1- resistance 
connected to the exciting coil in series. A magnetic flux 
within the sample was obtained by integrating the induced 
voltage of the pickup coil wound around the sample. A set 
of magnetic minor hysteresis loops with various field 
amplitudes Ha up to 12 kA/m were measured at room 
temperature, by gradually increasing the amplitude of the 
wave current. Before measuring each minor loop, the 
sample was demagnetized with a decaying alternating 
magnetic field. 

The Vickers hardness was measured with the standard 
indentation technique. The applied load was 300g and 10 
indents were taken for each creep specimen. X-ray 
diffraction measurements with Cu-K radiation were 
performed to investigate precipitation of carbides during 
creep. 
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2.2. Analysis Method of Minor Hysteresis Loops  
 

From a set of minor hysteresis loops, it was revealed 
that there exist several universal scaling power-law 
relations between the parameters [2,3,6]. The relations 
generally hold true in a limited range of Ha where 
irreversible movement of Bloch wall mainly contributes to 
magnetization [7]. The relations include 
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where, WF
∗, WR

∗, Ma
∗, and MR

∗ are minor-loop hysteresis 
loss, minor-loop remanence work, minor-loop magnetiza-
tion, and minor-loop remanence, respectively as are 
denoted in the inset in Fig. 1(b). Ms and MR are saturation 
magnetization and remanence of the major loop, 
respectively. The minor-loop coefficients WF

0 and WR
0 are 

sensitive indicators of internal stress due to lattice defects 
and show a similar behavior to coercive force of the major 
loop. The exponents nF and nR are about 1.5, being almost 
independent of temperature, stress, and kinds of 
ferromagnetic materials. Here, Eq. (1) with nF = 1.6 is 
known as the Steinmetz law [6]. In this study, we 
examined the scaling relation of Eq. (1) and investigated 
the coefficient as a function of the life fraction t/tr 
(creeping time/estimated creep life). 

 
 
 
 
 
 

3 EXPERIMENTAL RESULTS 
 

Figure 1 shows a set of minor hysteresis loops, taken 
before and after creep tests at 25 MPa for life fraction t/tr 
= 0.83. The width of minor loops with the same field 
amplitude Ha becomes narrow after the creep tests, being 

indicative of the magnetic softening during the creep. To 
obtain minor-loop coefficients, relations between the 
parameters of the minor hysteresis loops were examined. 
Figure 2 shows the double logarithmic plot of the relation 
between WF

∗ and Ma
∗, before and after the creep tests at 25 

MPa. The relation shows a straight line in a limited range 
of Ha for all the life fraction and the slope is weakly 
dependent of life fraction. Least-squares fits of WF

∗-Ma
∗ 

curves to Eq. (1) yielded nF = 1.54 ±  0.02, which is 
independent of life fraction. Here, minor loops with μ0Ma

∗ 
= 0.25-1.0 T, measured with Ha less than 3 kA/m, were 
used for the fits.  

Figures 3(a) and 3(b) show the creep strain, WF
0, and 

Table 1.  Chemical compositions of Cr-Mo-V steel (wt %) 
 

C Si Mn P S Cr Mo V Fe 

0.42 0.29 0.66 0.016 0.009 1.09 0.51 0.28 Bal 

Fig. 1. A set of minor hysteresis loops, measured before 
and after creep tests: (a)  t/tr = 0 and (b)  t/tr = 0.83 for 25 
MPa. The dotted lines correspond to the major loop, taken 
with Ha = 12 kA/m. The inset in (b) shows parameters of a 

minor hysteresis loop.  

Fig. 2. The relation between WF
* and Ma

* for 25 MPa, 
taken for various life fraction. The solid lines through 
the data show the least-squares fits.  

 

      

Fig. 3. (a) Creep strain, (b) minor-loop coefficient WF
0 

and Vickers hardness, as a function of life fraction.  
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Vickers hardness as a function of life fraction, 
respectively. Here, the stage I, II, and III correspond to 
the primary creep, secondary creep, and tertiary creep, 
respectively, which were determined from the variation of 
the creep strain rate [4]. As the creep progresses, WF

0 
sharply decreases at the stage I and shows a slow decrease 
in the stage II, followed by a steady decrease at the stage 
III. The decrease of WF

0 during creep indicates that the 
density of lattice defects which effectively act as 
obstacles to domain wall movement decreases as the creep 
progresses. As shown in Fig. 3(b), the hardness also 
decreases with life fraction as was observed for WF

0. The 
hardness has a proportional relation with WF

0 as shown in 
Fig. 4. These observations indicate that changes of the 
three properties ie the creep strain, minor-loop 
coefficients, and Vickers hardness due to creep are well 
correlated with each other. 

Figure 5 shows the x-ray diffraction patterns before 
and after the creep tests, taken at different stages of creep. 
Before the creep test, -Fe phase is dominant, but a small 
amount of residual -Fe phase and M3C carbide is also 
seen as shown in Fig. 5(a). As the creep progresses, 
metastable -Fe phase disappears and small peaks, which 
are assigned to M3C, M7C3, VC, and V4C3 carbides 
develop in stage I as shown in Fig. 5(b). These carbides 
persist into the stage II and III as shown in Figs. 5(c) and 
5(d). Such carbides were commonly observed in low alloy 
Cr-Mo-V steel with the similar composition [8]. Note that 
although sharp peaks at the scattering angle of 35 and 
57.5 observed in stage I (labeled as D) could not be 
consistently assigned, the peaks might be related to the 
formation of M3C carbide with a slightly different 
composition from that labeled as A.   

 
 

 
 
 

4 DISCUSSIONS 
 
 
 

Creep damage is associated with microstructural 
changes due to the formation of Cr-rich carbide 
precipitates, voids, cavities, and subgrain, etc, as well as 

changes in density and distribution of dislocations. These 
defects will act as pinning centers for magnetic domain 
walls and will disturb their movement. This results in 
changes of magnetic properties during creep [9,10].  

According to previous microstructural studies with 
optical microscopy, scanning electron microscopy, and 
transmission electron microscopy [4,5] as well as the 
present x-ray diffraction measurements, the following 
microstructural changes take place at each stage of creep 
in the present steel. 
(i) Stage I (0 ≤ t/tr < 0.2): Precipitation of carbides takes 
place just after the creep. A significant dislocation 
movement was not seen. 
(ii) Stage II (0.2 ≤  t/tr < 0.5): The multiplication and 
reconstruction of dislocations as well as the coarsening of 
precipitates occur. The increase of cell size and 
transformation from the elongated cell to the equiaxed cell 
proceed, associated with the formation of cell walls due to 
multiplied dislocations. Some cells change to the subgrain. 
The dislocation density - at the boundary and within the 
cell or subgrains - increases and decreases, respectively. 
(iiic) Stage III (0.5 ≤  t/tr): The coarsening and 
condensation of precipitates proceed and the mean 
distance between carbide precipitates turns to increase 
from decrease. The increase of cell or subgrain size and 

 
 
 

 
 
 
 

Fig. 4. Relation between WF
0 and Vickers hardness. 

 
 

Fig. 5. X-ray diffraction patterns, taken at (a) t/tr = 0, (b) 
t/tr = 0.14 (stage I),  (c) t/tr = 0.36 (stage II), and (d) t/tr = 
0.83 (stage III). 
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transformation from the elongated cell or subgrain to the 
equiaxed cell or subgrain are accelerated. The recovery of 
the cell structures and the formation of subgrains with low 
dislocation density are accelerated and the 
recrystallization takes place. 

Before the creep test, the cell size is small and the 
dislocation density within the cell is high. In addition, the 
matrix includes a large number of dissolved carbon atoms. 
Therefore, the cell boundary, dislocations, and dissolved 
carbon will strongly pin magnetic domain walls, resulting 
in a high value of the minor-loop coefficients as shown in 
Fig. 3(b). As creep progresses, the size of both cell or 
subgrain monotonically increases, while the dislocation 
density within the cell or subgrain increases, shows a 
maximum around t/tr = 0.3, followed by the decrease. On 
the other hand, dissolved carbon atoms migrate from a 
matrix to the cell or subgrain boundary and form carbide 
precipitates along the boundary. This leads to the lesser 
pinning effect due to carbon in a matrix. Since the minor-
loop coefficients monotonically decrease during creep, the 
increase in the cell or subgrain size as well as the 
migration of dissolved carbon may play a crucial role for 
the decrease in the coefficients. The changes of the 
microstructure also lead to the softening of the material as 
was observed in the decrease of Vickers hardness during 
creep as shown in Figs. 3(b).  

 
 
 
 
 
 

5 CONCLUSION 
 
 
 
 
 

Changes of magnetic minor hysteresis loops of Cr-Mo-
V ferritic steels subjected to a tensile creep at 923 K were 
studied. From scaling power-law rules in magnetic minor 
hysteresis loops, the minor-loop coefficients, which are 
sensitive indicators of internal stress, were obtained. The 
coefficients show a good relation with creep strain and 
show almost the same behaviour as Vickers hardness. The 
decrease of the coefficients and hardness during creep is 
considered to reflect the increase in the size of cell or 
subgrain as well as the migration of dissolved carbon from 
a matrix to the boundary of cell or subgrain. These 
observations indicate that magnetic minor hysteresis loops 
can be useful for monitoring creep damage in ferritic 
steels.  

Further, a low measurement field - less than 3 kA/m - 
is useful for manufacturing a compact device for in situ 
magnetic measurements of powerplant components sub-
jected to creep. 
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