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ABSTRACT

Upper-nose temper embrittlement processes that ocour during tempering of ASTM
£533 Type B Class 1 low zlloy steel is described. Thiz embrittlement iz related
to microstructural phenomena, which include grain growth, carbide coarsening
and sub-critical phase itransformation. The eifect of embrittlemsnt on the
mechanical properiies is presented by means of time-temperature property
disgrams.

L. INTRODUCTION

ASTM AB33 Type B Class 1 Mn-Mo-Ni st
such as pressure boundaries in prima

in the ragion of 595°C up to 675°C are regularly specified. The phenomenon
where a decreases in toughness concurrent with the loss of gitrvength during
tempering in the temperature range above 600°C is known as upper-nose temper
embrittlement (UNTE). In literature the phenomenon is attributed to mainly
carbide growth phenomena. The rate of embrititlement iz shown +to coincide with
the softening kinetice of tempering (Martin et al. 1%62; Nayvlor et al. 1981y,
The effect of grain growth on the toughness properties have not previously been
shown to be lmportant in Mo-containing low alloy steel types. The effects of
sub-Ac,; ferrite-austenite phase transiormation have also not received adeguata
attention in literature.

2. EXPERIMENTAL

A Almm thick plate sample of from an experimental production cast of ASTM A533
Type B Class 1 material was obtained in the as-guenched condition. The
guenching was done by continuous roller quenching after austenitising at 910°C
for 74 minutes, yielding a lower bainite microstructure. The chemical analysis
of the plate sample is given in Table 1. Szmples of 180wm x 150mm were exposad
to tempering treatments in a forced air circulation labeoratory furnace at
temperaturaes of 630°C, 8&60°C, 675°C, 690°C, 705°C and 720°C, for exposure
periods of 1lh, 5h, 25h and 125h. The temperature in the furnace was contrclled
to within 2°C eof the set point.

Charpy V-notch (CVN} coupons were prepared from each of the samples described
above, and tested at various temperatures in the trangition temperature range.
Measurements of the impact energy were made from which the 68J ductile-brittle
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transition temperature (DBTT) was determined by means of interpolation of the
average energy values. Tensile coupons were prepared from each of the heat
treated samples and tested at room temperature. The proof strength valusz wasg
taken at a propertional strain of 0,2% {g;,)-

Thin foils for transmission glectron microscopy (TEM) were prepared from rods
machinad from selected fractured CVN coupons from each of the heat treated
sampleg. Diges were sectioned from these rods and thinned by means of grinding
and twin jet electro~polishing. The thin foils were studied in a JEOL 200CX
STEM unit using the bright field mode at 200 kV accelerating voltage.

TABLE 1l: Chomical analysis of the plate sample.

RIpR Mo SCr Blu SAL

=

S0 BMn P %S 53

C,L15 1,40 0,012 0,003 0,26 0,52 0,52 0,02 0,01 0,030

Figs. 1 and 2 give the trends of 0,2% proof sitrength (6;,), and ductile-
brittle transition temperature (DETT} as a function of tempering Lemperature.
750 S 100
= The p125h
o 75 /// 25h
Z. 650 r/A h
+ 5h A 50 7& 5
=
o) LS
Z 550 25N A =
| = 0 . !
r ]
~ 125h o @ / o
- B
(Lln. 450 25 m\‘/ {
a2 . ®
8 D o .sp
o \4V’A = &
o ] -75
S 800 HJ A/\A ;
s b -100 :
o U// &//// J /
250 : — ; 25 ‘ : o ;
600 830 660 6390 720 750 600 630 860 820 720 750
TEMPERING TEMPERATURE [C] TEMPERING TEMPERATURE [°C]
¥Fig. 1: 0,2% Proof strength (gy,) as Fig. 2: The 68J DBTT as & function of
a function of tempering temperature. tempering temperature.

3.2 Microstructural processes

In literature, tempering at high tempsratures involves four different time-
dependent microstructural changes, which have an effect on the DBTT, namely

i} a decrease of the dislocation densgity of the matrix

1ii) a decrease of the carbide-precipitate density in the matrix

iii) recrystallisation and grain growth of the matrix structure

iv) dissolution of the matrix carbides and the formation of coarse grain

boundary carbides (Pienaar 1986)
The present study portrays the important embrittling effect of grain growth
phenomena and the deleterious effect of the formation of a dual phase
microgtructure on the toughness of a lower bainite original microstructure.

Fig. 3 shows a typical grain boundary region equilibrium carbide similar to

those reported in literature (Pienaar 1986). Evidence of recrystallisation and
grain growth phenomena wags observed in most of the samples that were temperad
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Fig. 3: Coarse carbide {«} that formed Fig. 4: Iv the formation of
n in boundary a2 new grain in the reglon of a prior

i
for 125h, austenite grain boundary during
eri 650°C Ffor 1h.

Fig. 5
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after tempering at 675°C for 5h.



in the §30°0C-705°C temperature range. Figs. 4 to & show features that are the
result of recrystallisation and grain coarsening. Fig. 4 shows the formation
of a new grain in the Wﬂgio [sk rior austenite grain boundary. Fig. 5 shows
a similar j.  Flg. shows the
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Evidence of the formation of metastable austenite below the usually accepted
ferrite- auubeqi:e ransformation temperature is shown in Fig.7. Pistorius et
al. {(1%21) ochserve d a definite d viation from linearity at temperaltures even
Lower than 600°C, wsing a sensi latometry technique, indicating the onset
of ferrite-austenite phase transfo zion. must be stated however, that
gignificant amounts of fresh martens and austenite was cbserved in samples
treated at temperatures of 650 a gher only. An sxample of the dual phase
microstructure that is associated with ve iz shown in Fig. 8.
The extent of the embrittlement assoclzted with the formation of
austenite/mertensite at temperatures above 690°C is illustrated in Pig. 2.
These resulis ave in contrast with the work of Fowch =t al. {1885) who found an
improvement in toughnass when a ferrite+upper~bainite wmicrostructure is
intercritically heat twreated for long periods. Their results were cbhtained on
an upper—-bainite microstructure which exhibited an increasz in toughness
through a grain refining effect of the dual phase microgtructure.

Pig island ¥ig 8: Dual phase fervite (o) -
(v that wmartenslite (m}) microstructure that
fox 0°C for resulted from tempering at 720°C for
125 125h.

3.3 Structure-property rslationships

The effect of microstructural phenomena on toughness, and theref the
degres of embrittlement, can conveniently be explained in terms of ii tive
effects on the proof strength and the cleavage fracture styength of the steel.



The usual form of the Hall-Petch eguation (Pstch 12883 for the vizld strength
0,, 28 a function of wmicrostructural parameters, is as follows:

where g; is th

factor and &

The cleavag cture gtress baewep of a ferritic steel, was shown by Petch
{1986) to be as follows:
%
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where € is the grain boundary carbide thickness, p the zi tha

efiective surface energy appropriate for the passage of a crack From carbide

to ferrite and » Poiszon’s ratio. The micrestr h resently under

icn is LEmD@L@d bainite, indicating that an adjustment +o Bguation
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temperature range 630°C-690°C can be understoed in terms of an increase in
grain size, 4, and a decrease in the wmagnitude of ths resistance to dislocation
movemen in the ferrite matrix, g In the temperzture range above 690°C

i us ..
R4 i
In the temperature rangse 630°C~675°C, the embrittlement can be understood in
terms of an increase in tha thickns of the grain boundary ca *bidesi ©, and
an increase in the grain size, d (Eguation (2)). At 890°C a significant amount
of austenite forms. Austenitisatioc f erril a with a
resultant slight increase in tough Large
grain boundary carbides and the pre "Eresh®
mareensite on cooling result in severe smbrit: hi= st r effect of the
dual phase microstructure can be P it ned by martanszite
on  the mechanism of cleavage initiatio i k g i local
dislocation locking factor ().
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temperature and exposurs period. These figures provide a method to presant the
mechanical properties so that the effect of the microstructural development is
clzar. In Elge 10, for the temperature range 630°C o 690°C, the embrittlement
is mainly tributable o grain growth and carbide growth. The severe
embrittlemcnt in the Lempek voure reglon from 690°C to 720°C is associated with
the formation of a dual phase microstructure. These diagrams can be utilised
as a design tool and during manufacturing to assess the effects of tempering
treatments.

4., CONCLUSIONS

The mechanism of UNTE in Mn-Mo-Ni pressurza vessel steels can be described in

terms of six microstructural processes, namely

- a decrease of the dislocation density of the matrix,

- a decreagse of the carbide-precipitate density in the mat

- recrystallisation and grain growth of the matrix struct

- the formation of coarse grain boundary carbides,

- abnormal grain growth, and

- sub=-critical fe%fite«austenite phase transformatcion that results in & dual
phase microstructure that consists of islands of metastable austenite and
fresh martensite in ferrite.

The occurrence of the various embrittlement machanisms iz assoclated with

particular temperature ranges:

- carbide coarsening in the temperature range 530° to 705°C,

~ grain growth and coargening in the temperature range 630° to 705°C,

- austenitisation processez in the temperature range 675° to 720°C, and

- interaction between carblde growth, grain growth and austenitisation
processes in the temperature range 675° to 705°C.
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