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Abstract
The temper embrittlment occurred in the heat affected zones (HAZs) of Cr-Mo
steels tempered at the temperature range of 775 to 900K. The first to the
fourth types of embrittlement appeared in order with an increasing tempering
time when the HAZ specimen were tempered directly. The effect of SR
treatment on temper embrittlement arising in HAZ of 2 1/4Cr-1Mo steel was
investigated. The temper embrittlement was detected as the rise of the
transition temperature, vIr3o, The first type of embrittlement disappeared
completely and the second type did partially after SR treatment. The third
type of embrittlement, which was typical intergranular type embrittlement,
arose as well after SR treatment. This type was induced by the segregation of
phosphorus in the prior-austenite grain boundary. The fourth type arose a
little after the SR treatment. It was induced by the growth of carbide particles.

Key words: Temper embrittlement. Cr-Mo Steel, Heat affected zone, SR
treatment, Transition temperature, Segregation of phosphorus, Intergranular
fracture, Cleavage fracture.

1. Introduction

2 1/4 Cr-1Mo steel was used widely in the welded constructions such as the chemical
reactors or the boilers, they were used in the temperature range around 825K. The temper
embrittlement occurs occasionally in the heat affected zone (HAZ) of this steel when the welded
constructions were used without the stress relief annealing (SR treatment). The authors have
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observed four types of temper embrittlement i the direct-tempered HAZ specimens|1].

The welded constructions made by the thick sections of 2 1/4Cr-1Mo steel are used
usually after the SR treatment by which the residual stress arising in the welded zone is
removed[2]. The SR treatment may be useful as well for removing the temper embrittlement.
This beneficial effect of SR treatment was confirmed in this research. The temper embrittlement
was detected by the rise of the transition temperature, vQ'rs0. The types of embrittlement which
arose in the SR-treated specimens were identified by referring to those in the direct-tempered
specimens.

The metallurgical factors for inducing the temper embrittlement were discussed from
the view points of the segregation of phosphorus in the prior-austenite grain boundary and the
growth of carbide particles in ferrite matrix.

2. Experimental methods

2.1 Synthetic HAZ specimen

Table 1 shows the chemical compositions of 2 1/4Cr-1Mo steel. The synthetic HAZ
specimen(1] was used. The microstructure of real HAZ was reproduced in a steel bar by a weld
thermal cycle simulator. The microstructure of the HAZ specimen consists 20% martensite and

80% bainite.
Table 1 Chemical composition of 2 1/4Cr-1Mo steel, mass%.

C Si Mn P S Cr Mo As N Al
0.14 0.16 0.56 0.006 0.002 2.17 0.90 0.004 0.0032 0.017

2.2 SR treatment and tempering

The thermal histories given to the SR-treated HAZ specimen is shown by the sohd line
in Fig.1. The dotted line shows the thermal histories of the original HAZ specimen[1]. The
specimens were enclosed in a steel container during the SR treatment and tempering.
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Fig.1 Thermal histories given to the SR-treated specimen (solid
line) and those to the original HAZ specimen (dotted line).
The temperature of the SR treatment was 975K[2]. The time of Hh was selected as
follows (Fig.2). The second type of embrittlement occurred at first in the short time range. The
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transition temperature vIrso decreased with an increment of SR time. The specimen became the
de-embrittled state after the second type of embrittlement disappeared around 5h. The vTr3o as
low as 113K was attained at time of 5h. However, the fifth type of embrittlement (SR
embrittlement) appeared in the long time rangel[3].

After SR treatment. the specimen was tempered for 1h to 10000h at 775K to 925K.
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2.3 Detection of temper embrittlement ‘

The half-sized Charpy impact test specimen was made from the tempered specimen.
The impact test was carried out on each tempering condition by changing the testing
temperature from 100K to 300K, and the transition curve was drawn. The temperature at which
the specimen was fractured absorbing 30ft-Ib (40.6J) of energy was adopted as the transition
temperature, vIr3o. The temper embrittlement was detected as the rise of vTrsp from the
de-embrittled state[4].

3. Classification of temper embrittlement

3.1 Detection by the rise of transition temperature

Fig.S(a) shows the vTrso-tempering time curves of direct-tempered specimens. It is
assumed here that the basic vTr3p in the non-embrittled state falls with the progress of
tempering as the dotted line in the figure[1]. Each rise of vTr3o from the non-embrittled value
informs that each of different type of embrittlement occurs. The first to the fourth types of
embrittlement are observed at the hills labeled "1" to "4". The figures, Sz to S4 and Sp,
respectively, show the time periods at which the second to the fourth types of embrittlement and
the de-embrittled state begin to arise.

At 825K, the first to the fourth types appear in order with the lapse of time (Fig.3(a3)).
At 875K, the second type, de-embrittled state and the fourth type appear in order (Fig.3(a2)).

Fig.3(b) shows the change of vIrso of the SR-treated specimens. The dotted line in this
figure shows the vTr3o of de-embrittled state (113K) obtained by the SR treatment for 5h at
975K. '

The de-embrittled state was kept in short time range. The first type of embrittlement,
which occurs when martensite in the original HAZ specimen was decomposed[5,6] does not arise
in the SR-treated specimens. But some hills of vTrso observed in the long time range informs
that certain types of embrittlement is to arise there (Fig.3(b1) to (b4). The type of embrittlement
was identified by the referring the results in the previous study as explained in the following
sections[1].

At 775K and 825K, except for the first type, the same types of embrittlement as that in
the original HAZ specimens appear. At 875K, the fourth type of embrittlement appears from Sa.
At 875K and 925K, the second type does not appear any longer.
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Fig.3 Temper embrittlement observed as the rise of vIr30 in the direct-tempered(a)

and the SR-treated spesimens(b)

The high temperature type of embrittlement, the fifth typelll, is observed at 975K in
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the original HAZ specimen. This type appears from Ss.

The temper embrittlement except for the first type of embrittlement arises by
SR-tempering, but the transition temperature vTrsp in short time range is decreased
significantly by SR treatment. SR treatment suppresses effectively temper embrittlement which

occurs in short time range.

3.2 Shape of transition curve

The shape of transition curve of the SR-treated specimen (SRT) was compared with

that of direct-tempering as shown in Fig.4.
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In the second type. a stepwise transition is observed (Fig.4(a)). A slant transition occurs
in the third type (Fig.4(b)). A unique vertical transition is observed in the fourth type (Fig.4(c)).
These results inform that each types of embrittlement which was labeled tentatively in Fig.3(b).
1s1dentical to those in the direct-tempered one.

3.3 Fracture mode

In case of the direct-tempering. the second and the fourth types of embrittlement
produced the cleavage fracture and the third type did the intergranular fracture[1].

The fracture surfaces of the impact-tested specimens which were broken below the
transition temperature were observed by a SEM. Fig.5 shows the brittle fracture mode of each
type of embrittlement. The cleavage fracture was observed in the time range where the second.
the fourth and the fifth types arose. The intergranular fracture was observed in the time range
where the third type arose. Those fracture modes meet well those observed in the
direct-tempered specimens.

Fig.5 Fracture surfaces of specimens in the embrittled states of (a) the
second, (b)the third and (c)the fourth types.

3.4 Time-temperature-embrittlement diagram

The time (t)-temperature (T) fields in which four types of embrittlement arise are
shown in Fig.G(a). 1/T and log t are taken in the main vertical and horizontal axes of normal
spacing: T(K) and t(h) are also shown in the corresponding positions. The boundary lines in this
figure are drawn by using the tempering parameter. P[7].

P=T(og t+18)

The fields of those types in the direct-tempered specimens are referred in Fig.6(b)[1].

The second type of embrittlement appears after SR treatment only slightly in the
limited temperature range below B60K. Third type arises as well after SR treatment in the
temperature range around 825K. It has been reported that the third type arises in the
tempering of de-embrittled specimen as well as in the direct tempering of quenched one[8]. The
field of an intensive embrittlement of this type. which exhibits the vTr3zo more than 150K
(Fig.2(b3) and (b4)). is observed only in the limited time range longer than 1000h at 825K which
is shown shaded area marked by "Em" in Fig.6(a).

The fourth type still arises in the same time-temperature range as that in
direct-tempered specimens, however, the SR treatment reduces its intensity (vTrzo lower than
150K: Fig.3(b2)). The fifth type which is known as SR embrittlement[9] arises when the
tempering temperature is as high as 925K (Fig.6(a) and (b)).
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Fig.6 Time-temperature fields in which the first to the fifth types of temper embrittlement arise;

¢ first type, O second type, ® second and third type, ® third type, A fourth type,

A third and fourth type, O fifth type, ® de-embrittled state, Em: embrittled intensively.

4. Effect of SR treatment on the intensity of embrittlement

4.1 Third type of embrittlement

SR treatment reduces the transition temperature vTrso of the HAZ as explained
qualitatively in the preceding chapter. Fig.7(a) shows qualitatively the effect of SR treatment on
the vTrso in the time ranges of the second and third types of embrittlement. The AvTrso is the
difference between the vTrso of the direct-tempered specimens and that of the SR-tempered
specimens. Fig.7(b) shows the fraction of area of intergranular fracture which accompanies to
the third type by referring to that of the direct-tempered specimens (Fig.7(c)).

The SR treatment reduces the vTr3o as much as 150K by removing the first type and
partially the second type. However, in the time range in which the third type arises, the AvTrso
is reduced with the lapse of time, and at 1000h, the vTrao of the SR-treated specimen exceeds
that of the direct-tempered one. This tendency is illustrated well by the change in the fraction of
area of the intergranular fracture (Fig.7(b) and (c)).

The vTr3o values in the time-temperature range where the third type arises are shown
schematically in Fig.8 referring to those of the direct-tempered specimens (dotted line).
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Although, the third type begins to arise in the earlier time range, it becomes very intensive (the
vTrs0 higher than 200K) in the long time range as long as 1000h.

50
(a)difference of vTr3o0
M 0
& -50
g
< -100
-150

80 I" (b)SR-treated

70
<] 60 -
&‘ 50 T £
- ype o
g gg L embrittlement
g 10 E DE 2
§ 00— —0
o
g 60  (c)direct-tempered
& 50
:: gg : Type of
20 embrittiement
10F 1
0 O,
1 10 100 10000
E)efore . Tempering time , h
empering

Fig.7 Difference of transition temperature, AvTr30 and the area of
intergranular fracture between SR-treated and direct-tempered specimens
in the time range where the third type arises; tempered at 775K.
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Fig.8 Time-temperature fields of the third type of embrittlement
in which the vTr30 is indicated; cd: the begining time period of
the third type.
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4.2 Fourth type of embrittlement
Fig.9 shows the effect of SR treatment on the vTr30 in the time range of the fourth type
of embrittlement. The rise of vTrso is suppressed effectively by SR treatment,
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Fig.9 Differences of transition temperature, AvTr30 between
SR-treated and direct-tempered specimens in the time range where
the fourth type arises; tempered at 875K.

5. Metallurgical factors affecting the embrittlement

5.1 Effect of phosphorus concentration in grain boundary on third type
5.1.1 EDX micro-analysis on grain boundary

The phosphorus concentration in the prior-austenite grain boundary was measured on
the SR-treated specimens by the EDX micro-analysis. The procedure of micro-analysis is as
follows.

The prior-austenite grain boundary was revealed by etching with the saturated
aqueous solution of picric added by a wetting regent[10]. A pair of indentations were made
across one grain boundary as shown in Fig.10(a). The specimen was polished again to erase the
groove of the grain boundary was erased as shown in Fig.10(b). The point analysis was made on
15 spots at each intervals of 70nm crossing one grain boundary. The conditions of EDX
micrb*analysis are as follows. Accelerate voltage: 15kV, magnification of SEM: 30000,
measurement time; 50s.

The X-ray spectrum of for an element is shown in Fig.11. The intensity of an element Ie
was measured as Imes - Ibg. The energy ranges for measure (Ej to Eu) are defined for P and Fe as
1.09-2.18keV and 6.18-6.64keV. respectively. The X-ray intensities in the energy range were
integrated to obtain the Ip and Ire. The phosphorus concentration in grain boundary [Plmes was
obtained by Ip/(Ip + Ire).

5.1.2 Change in [Plg, by tempering

The [Plmes of as-welded HAZ, SR-treated and tempered specimens are shown in order
in Fig.12(a). The phosphorus concentration in grain boundary, [Plg, can be expressed by the
curved line with the assumption that the maximum value among each set of [Plmes exhibits the
[Pleb.

The [Plg, is already as large as 0.6mass% in the as-welded state due to the
welding-induced segregation by o/y transformation during the heating process of welding. This
phenomenon has been introduced in detail in the paper of the authors[11]. SR treatment
reduces the [Plgs to 0.2 mass%. This [Plg value is kept for 100h, after that it increases reaching
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the maximum value of 0.6 mass% at 1000h, and then decreases.

The change of the [Plg, in Fig.12(a) meets well that of the fraction of intergranular
(racture of the specimens as shown in Fig.12(b). Those results inform that the third type of
embrittlement is caused by the segregation of phosphorus during tempering for as long as
1000h.

The increasing process of [Plg, will be explained as the process of equilibrium
segregation proposed by McLean[12]. However, the mechanism of the decreasing process of [Plg,
is not yet clear at present.
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Fig.12 Changes in the phosphorus concentration in grain boundary, [P]gb (a)
and the fraction of intergranular fracture (b) with the lapse of time at 825K;
Figures 4 to 9 show that 4 to 9 plots are piled up on the same position.

5.2 Effect of carbide particles on the fourth type

The change in the average size of a carbide particle is shown for the time range where
the fourth type arises as in Fig.5(a). The growth of carbide particles is observed in the time
range as long as 1000 to 10000h in which the fourth type appears (Fig.5(b)). This result informs
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that the fourth type will depends on the growing process of carbide particles[3,5]. However, the
growth rate of carbide particles and hence, the rise of vTr3o is smaller than those of the
direct-tempered specimen. This result will depend on the fact that carbide particles have
already grown in some extent by the SR treatment at 975K, and growth rate at the tempering
temperature of 875K remains in a limited range.

'SR-treated and tempering Direct-tempering

Average size of a
vTt,, , K carbide particle, um

208
150 , )
100 £ P BEUTE | AP BTSN SR R 100 P .21 L ID.EI PN PR |
1 10 100 1000 10000 1 10 100 1000 10000
Tempering time , h Tempering time , h

Fig.13 Growth of carbide particles when the fourth type arises; 875K

6. Conclusions

(1) The SR treatment at 975K for 5h makes the as-welded HAZ specimen the de-embrittled
state. Some types of embrittlement are revived by tempering.

(2) In SR-treated specimens, the first type does not appear. The second and the fourth types
appears a little.

(3) The third type appears slightly and significantly in the long time range.

(4) The third type, which produces the intergranular fracture, is induced by the segregation of
phosphorus in the grain boundary of prior-austenite.

(5) The fourth type, which produces the cleavage fracture, will be induced by the growth of
carbide particles.
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