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  1 Introduction 

The four types of temper embrittlement appear in the HAZ 
of 2 1/4Cr-1Mo steel. Temper embrittlement disappears 
by stress relief annealing (SR treatment) [1]. However, SR 
embrittlement appears in the long-time range of SR treat-
ment [2], also as a result of the time range growth of the 
carbide particle [3]. Large-scale measurement is required 
to evaluate the action of coarsened carbide particles on 
SR treatment because a number of particles exist in a 
small area. Image processing is an effective technique for 
systematic investigation of the shape of the carbide parti-
cle. Behaviour of growth of the carbide particle was inves-
tigated by the assembled image processing technique fi t-
ted for the carbide particle in a SEM image. Diameter and 
aspect ratio of the carbide particle observed on the cross-
section area and the fracture surface were measured as 
the shape parameters in this study. Coarsened carbide on 
the cleavage fracture surface was broken down into indi-
vidual pieces by comparison with each shape parameter. 
Identifi cation of coarse carbide was carried out by X-ray 

diffraction and TEM observation. The effect of coarse 
carbide on SR treatment was evaluated by numerical 
calculation. 

  2 Experimental system 

2.1 Specimen

The chemical composition of 2 1/4Cr-1Mo steel is shown 
in Table 1. The microstructure of the HAZ was reproduced 
by a weld-thermal cycle simulator. The synthetic HAZ 
specimen was produced by thermal history, with a heating 
rate of 92 K/s, with the ultimate temperature of 1 623 K 
and cooling rate of 21 K/s. The synthetic HAZ specimen 
was tempered at 975 K directly. Temper embrittlement 
was detected by the transition temperature of Charpy 
impact test in a previous study [3, 4]. The specimen with 
brittle fracture mode at the test temperature below 140 K 
was used for observation of the carbide particle in this 
study.
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The authors pointed out that growth of the carbide particle is related to SR embrittlement in the HAZ of 
2 1/4Cr-1Mo steel in a previous study. Suitable image processing was employed to evaluate the shape of a 
large number of carbide particles in a SEM image. An image-dividing technique was needed in for the differ-
ence of tone in each area of a SEM image. Image processing included image dividing, brightness and con-
trast, as well as a contraction and smoothing operation. The shape of the particle changed from the sphere 
type to the needle or polygon type because of the progress of SR treatment. The change of aspect ratio of 
the particle in the cross-section has a good correlation with the increment of SR treatment time. However, 
the aspect ratio of the particles on the fracture surface did not correspond with that of the cross-section in 
the long time range. This was confi rmed by SEM observation on a pair of fracture surfaces, where coarse 
carbide particles were broken into pieces. Coarse carbide particle may accelerate SR embrittlement by act-
ing as a path for crack propagation and a crack initiation site for brittle fracture. The type of carbide particles 
was investigated by X-ray diffraction. M2C (Mo2C type), M7C3 (Cr7C3 type) and M23C6 (Cr23C6 type) carbides 
were identifi ed in the time range of SR embrittlement. The coarse carbide observed when SR embrittlement 
occurred signifi cantly was confi rmed as M23C6 type by TEM observation. The calculation results based on the 
Eshelby theory show that the change of shape of the carbide particle can affect crack propagation of brittle 
fracture.
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Table 1 – Chemical composition of 2 1/4Cr-1Mo steel [Mass %]

C Si Mn P S Cr Mo Cu N Alsol

0.14 0.16 0.56 0.006 0.002 2.17 0.90 0.01 0.0032 0.017
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2.2 Image processing

The cross-section and the fracture surface of the speci-
men were etched by nital to observe the carbide particles. 
The carbide appears as a white particle in a SEM image. 
Figure 1 shows the fl ow chart of the assembled image 
processing to detect the shape of white carbide particles. 
Image dividing is executed to select a suitable value of 
brightness and contrast treatment for each particle with a 
different grey scale [Figures 1 a), b)]. Each divided image 
was gathered again by image alignment [Figure 1 c)]. 
Addition and removing of a one pixel layer at the outside 
of the particle were operated to obtain the smooth edge by 
contraction and CE smoothing [Figures 1 d), e)]. Diameter 
and aspect ratio were measured for the carbide particle in 
a fi nal binary image [Figure 1 e)]. The schematic diagram 
of each diameter of the major and minor axes of the par-
ticle is shown in Figure 2. The aspect ratio D/D’ was cal-
culated as a ratio of diameter of the major to minor axes. 
Figure 3 a) shows an example of an SEM image, includ-
ing many fi ne carbide particles. The relation between the 
area of the carbide particle between visual measurement 

Figure 1 – Flow chart of image processing for carbide particle in an SEM image

Figure 2 – Schematic diagram for diameters 
of major and minor axes

Figure 3 – An SEM image with fi ne carbide particles 
and the relation between the area of particle 

and image processing and visual measurement

and image processing is shown in Figure 3 b). The area 
examined with image processing corresponded with that 
conducted by visual measurement. 

  3 Experimental results 

3.1  Relationship between SR embrittlement 
and growth of carbide [3]

SR embrittlement was detected by an increment of the tran-
sition temperature vTr30. The de-embrittled state occurred 
by suitable SR treatment at 975 K for 5 h as shown in 
Figure 4 a). The transition temperature rose gradually 
with the duration of SSR. The average size of the carbide 
particle increased similarly as shown in Figure 4 b). The 
density of carbide observed on the cross-section area and 
the fracture surface are shown in Figure 4 c). The number 
of carbides on the fracture surface was larger than that of 
the cross-section area and always from the SSR. These 
results suggest that coarsened carbide may promote SR 
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embrittlement by the crack propagation along the car-
bide/matrix boundary or into the carbide.

3.2 Behaviour of growth of carbide

The distribution of diameter of the major axis is shown in 
Figure 5. The signifi cant peak existed as a result of distri-
bution in the initial stage of SR embrittlement [Figures 5 a) 
to c)]. The average diameter of the major axis increased 
in the middle stage. Smoothing of distribution was con-
fi rmed instead of the translation of the peak observed in 

the initial stage [Figures 5 d), e)]. The increment of the 
average diameter continued over a long time range, but 
the position of maximum frequency in distribution was 
maintained [Figures 5 f), g)]. This result suggests that one 
of the mechanisms for growth of the carbide may be pref-
erential growth of some of the carbides at the expense of 
others. The average diameter of the carbide on the frac-
ture surface was larger than that of the cross-section area 
[Figures 5 h) to n)]. However, the particle with maximum 
diameter in the cross-section area could not be observed 
on the fracture surface over a long time range when SR 
embrittlement occurred signifi cantly [Figures 5 m), n)]. 
This result suggests that coarse carbides may be broken 
during crack propagation.

The comparison between the cross-section and the frac-
ture surface by the relationship between aspect ratio D/D’ 
and diameter of the major axis D is shown in Figure 6. The 
particle with an aspect ratio of 1 is spherical in shape. 
Fine spherical carbide particles were observed mainly at 
the tempering time of 5 h when the de-embrittled state 
occurs [Figure 6 a)]. The shape of the particle on the frac-
ture surface corresponds with that of the cross-section 
area [Figure 6 a’)]. The crack may propagate along the 
boundary between the matrix and the carbide. The dif-
ference in the shape of the carbide at each observation 
site became slightly prominent around the tempering time 
of 10 h when SR embrittlement began to appear. Then, 
the aspect ratio of the particle on the fracture surface is 

Figure 4 – Detection of SR embrittlement 
and behaviour of growth of carbide particles 

during the time frame of SR treatment

Figure 5 – Distribution of the diameter of the major axis of carbide particle on cross-section area and fracture surface
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higher than the particle at the same diameter D in the 
cross-section area [Figures 6 b) to d) and b’) to d’)]. On 
the other hand, the aspect ratio on the fracture surface is 
lower than that in the cross-section area around 100 h 
[Figures 6 e), f) and e’), f’)]. The carbide particle grew in 
two ways as types “p” and “q” in the cross-section area 
[Figure 6 g)]. The former is growth with an increment of 
the aspect ratio, the latter is growth with an increment of 
diameter D. These types may correspond with growth of 
the needle type particle and the polygonal type, respec-
tively. Coarse particles in the cross-section could not be 
observed on the fracture surface and aspect ratio on 
the fracture surface is lower than in the cross-section 
[Figure 6 g’)]. These results suggest that the crack may 
also propagate into the carbide particle.

3.3  SEM observation of coarse carbide  
particle on the fracture surface

When SR embrittlement appears signifi cantly, the dif-
ference in carbide shape was confi rmed as shown in 
Figure 6. The SEM observation result for two pairs of 

fracture surfaces is shown in Figure 7. The symbols from 
A to E on the facet P and Q show the past or the pres-
ent existence positions of a carbide. The holes at posi-
tion A and C were observed on facet P and the white 
particle was observed at B in Figure 7 a). However, the 
hole at B and the particles at A and C were observed 
in Figure 7 a’). A single particle [ABC] has been broken 
into three separate particles A, B and C at the fracture 
surface, with the particles A&C in one of the fracture sur-
faces and the particle B in the corresponding position on 
the other surface. This is evidence of the carbide particles 
also fracturing during embrittlement. On the other hand, 
three sites with the hole and the particle were observed 
on facet Q at the position D, E and F in Figures 7 b) and 
b’). The holes and the particles complement the defi ciency 
for geometric shape on each facet Q. The original shape 
of each carbide particle is restored by the combination of 
the particles on both of the fracture surfaces. These pho-
tographs show that three original carbides cut along the 
major axis. Original carbides D and F were polygonal in 
shape. These carbides may also grow with the combina-
tion of the individual carbide particles. 

Figure 6 – Comparison between the cross-section and the fracture surface from the viewpoint 
of the relationship between the aspect ratio and the diameter of the major axis
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Crack nucleation is an essential phenomenon when brittle 
cleavage fracture occurs. Many researchers have investi-
gated the crack nucleation by the microcrack inside the 
coarsened carbide particle Fe3C in ferritic steel [5-8]. The 
crack occurred along the minor axis of the particle at a 
grain boundary which extends linearly to a neighbouring 
grain boundary [7, 9]. Numerical models to evaluate the 
cleavage strength σc and the transition temperature Tc 
were already proposed [10, 11]. For example, σc and σc of 
Petch’s model [11] are given by
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where 

μ is the rigidity modulus, 

y
p
 is the effective surface energy, 

ν is Poisson’s ratio, 

t is the carbide thickness, 

k
y
 is the slope in the grain size dependence of the yield 

stress, 

d is total pile-up length. 

According to these equations, the increment of the car-
bide thickness obtains the rise of the transition tempera-
ture, i.e. temper embrittlement. Geometric shapes around 
the notch roots of Charpy impact specimens in the time 
range when SR embrittlement occurs signifi cantly are 
shown in Figure 8. Ductile fracture occurs below the 
notch root because of plastic deformation of the notch. 
The area of ductile fracture region affects the value of 
absorbed energy strongly. The facets R&S near the dim-
ple zone correspond to the initiation site of cleavage frac-
ture. The two holes at positions G and H are observed 
at the edge of facet R like the grain boundary at 200 h 
[Figure 8 a)]. The crack at carbide/matrix boundary may 
propagate approximately in a parallel direction along the 
facet face. This fracture mode resembles that which initi-
ates in the carbide particle at grain boundary in ferritic 
steel [7]. In the case of 500 h, the facet S corresponds to 
the crack initiation site, because the crack from the facet 
S propagates to the facet T which was formed along the 
macrocrack direction [Figure 8 b)]. The morphology of the 
carbide particles at the centre of the facet S is shown in 
Figure 9. Each particle and hole at positions I, J and K on 
both of the fracture surfaces complement the defi ciency 
for geometric shape, the same as for the facets P and Q 
in Figure 7. These observation results suggest that each 
crack at the carbide matrix boundary and inside the car-
bide particle affects the initiation of cleavage fracture.

3.4  X-ray diffraction test and TEM 
observation of coarse carbide

The X-ray diffraction test and TEM observation were exe-
cuted to identify the coarse carbide particles. Figure 10 

Figure 7 – Carbide particles cut along the minor 
and major axes of original shape

Figure 8 – Facets R and S at the initiation region of cleavage fracture
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shows the result of the X-ray diffraction test for the type 
of the carbide precipitated at SR temperature. The carbide 
was obtained by electrolytic extraction [12]. M3C, M2C, 
M7C3 and M23C6 carbides have a diffraction spectrum of 
Fe3C, Mo2C, Cr7C3 and Cr23C6, respectively. M7C3, M23C6 
and M2C precipitated at the SR embrittlement region. The 
change in the order of relative amount ratio could not be 
confi rmed in this experiment condition. The result of the 
X-ray diffraction test narrows down the type of coarse 
carbide particle.

Figure 11 shows the bright fi eld image and the electron 
diffraction pattern of the coarse carbide by TEM observa-
tion. The specimen for TEM observation was prepared by 
electrical polishing [13]. The coarse carbide particle was 
identifi ed as M23C6 from this result.

  4 Discussion 

The effect of the coarse carbide particle on SR embrittle-
ment is considered by the calculation results based on the 
Eshelby theory [14], with the assumption that the crack 
propagates and fracture occurs under the local uniaxial 
tensile loading condition. The mechanical properties of 
the matrix (steel) and M23C6 (Cr23C6) carbide are shown 
in Table 2. 

4.1  Diameter dependency of plastic strain for 
decohesion at carbide/matrix boundary

Plastic strain is obtained by the following equation from 
the energy criterion for decohesion of the sphere carbide 
from the matrix [16].
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Figure 10 – Result for the type of carbide 
by X-ray diffraction test

Figure 11 – Bright fi eld image and electron diffraction 
pattern of coarse carbide particle

Figure 9 – Broken carbide particles at the crack initiation facet S, as shown in Figure 8 b)

Table 2 – Young’s modulus, Poisson’s ratio, coeffi cient 
of thermal expansion of steel and Cr23C6 for calculation 

E [GPa] 210

Steel ν 0.3

CTE [10-6/K] 12

E* [GPa] 357

Cr23C6 ν* 0.3

CTE* [10-6/K] 10

E* and ν* are quoted from reference [15].
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d is the diameter of the sphere particle and 

E, E*, ν and ν* are Young’s modulus and Poisson's ratio of 
the matrix and the carbide, respectively. Figure 12 shows 
diameter dependency of plastic strain for decohesion 
at the carbide/matrix boundary. In case of fi ne carbide, 
decohesion of the carbide from the matrix requires large 
plastic strain. Fine carbide particles observed at the de-
embrittled state may resist the crack propagation along 
the carbide/matrix boundary when brittle cleavage frac-
ture with small strain occurs. In the case of coarse carbide, 
decohesion at the boundary requires very small plastic 
strain. The crack of brittle fracture propagates easily along 
the coarse carbide/matrix boundary.

4.2  Aspect ratio dependency 
of strain by internal stress

The dependency of strain which occurred in the carbide 
and matrix/carbide boundaries by internal stress on aspect 
ratio during the low temperature impact test is evaluated 
in this section. Oblate spheroidal carbide particle can be 
represented by following equation.
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Moreover, internal stress σtotal is obtained by following 
equation.

σtotal = σmis + σinh+ σp

σmis, σinh and σp are internal stresses by thermal expan-
sion, elastic modulus and plastic deformation effect. Each 
internal stress can be calculated with eigen strain and 
Eshelby tensor [17]. σmis was calculated with temperature 
deference between SR treatment and the impact test of 
900 K. σinh was calculated as 100 Mpa referred the yield 
stress of temper-embrittled steel at low temperature [18]. 
σp was calculated with the plastic strain at the matrix of 
0.001 %. Comparison of aspect ratio dependency in the 
carbide and that at the carbide/matrix boundary is shown 
in Figure 13. In the case of low aspect ratio carbide, plas-
tic strain by internal stress at the carbide/matrix boundary 
is larger than that in the carbide. The crack may propagate 
along the carbide/matrix boundary easily, because plastic 
strain introduced by internal stress promotes decohesion 
at the carbide/matrix boundary. Increment of aspect ratio 
decreases plastic strain by internal stress. In the case of 
high aspect ratio carbide, plastic strain at the carbide/
matrix boundary resembles that in the carbide. The crack 
propagation site may not be only the carbide/matrix 
boundary, but also the carbide. 

Discussion in this section can be summarized as follows. 
The crack propagates along the carbide/matrix bound-
ary easily with increment of the diameter of the carbide 

particle. Therefore, increment of density of the carbide par-
ticle observed on the fracture surface, as compared with 
the cross-section area, can occur as shown in Figure 4 c). 
The crack propagates easily into the coarse carbide par-
ticle with a high aspect ratio. Then, the segments of the 
carbide particles can be observed on the fracture surface 
as shown in Figure 7.

  5 Conclusion 

Image processing was developed to evaluate the shapes 
of the carbide particles in the SEM image. It was applied to 
the carbide particles in HAZ of 2 1/4Cr-1Mo steel which 

Figure 12 – Diameter dependency of plastic strain 
for decohesion at the carbide/matrix boundary

Figure 13 – Aspect ratio dependency 
for strain by internal stress
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were tempered at stress relief annealing temperature. The 
carbide particle grows along one direction, mainly with 
progress of SR treatment. However, when SR embrittle-
ment occurs signifi cantly, some coarse polygonal particle 
can also be observed in the cross-section area. Coarse 
particles on the facet of cleavage fracture were cut along 
major and minor axes. The same broken carbide particles 
were also observed at the initiation facet of cleavage frac-
ture. Coarse carbide particles may promote SR embrittle-
ment by crack propagation and crack initiation at the car-
bide/matrix boundary and inside the carbide.
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