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EDS analysis also confirmed the presence of o in the LNNI alloy.
Unfortunately detailed analysis of the o at the annealed grain
boundaries of the V4 alloys could not be provided as these were
too fine. The evider.e did, however, indicate that they probakly
had a chromium content of' 42 to 43%.

TRANSMISSION ELECTRON MICROSCOPY

Although thu alloys selected contained little o, one (V4/0) was
still embrittled. The causes of embrittlement in this alloy were
investigated and the microstructure of the remaining two (V2/1/2
and V4/0,1) were carefully examined for features which could
hopefully be uniquely associated with ductile behaviour.

Because the samples were coarse grained, the thin foils which
provide limited areas showed flew grain boundaries.

Alloy V4/0

Nearly continuous, thin grain boundary precipitation was observed
in the brittle V4/0 alloy (Figure 4,35a). In some areas more
subatantial precipitation had developed (Figure 4.35b), These
precipitates were identified (using selected area, SA,
diffraction) as M306 carbides. Centred dark field images of these
carbides, their diffraction pattern and its interpretation are
given in Figures 5,36 (a, b, ¢ aud d). In the diffractio  pattern
two orientations of the [012] carbide zone axis are apparent, Thia
can be explained in terms of the twinning or faults which can be
seen in the dark fileld images.

Very few dislocations were observed and the presence of many fine
intragranular precipitates was also noted (Figure 4.37). Some of
these were located along the length of the dislocations.
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(a)

15um

(b)

Figure 4.35 Grain boundary prec'pitation in the brittle V4/0

alloy.
a) Thin grain boundary film,
b) Relatively thick grain boundary precipitation.
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(a)

(b)

Figure 4,326 The identification of H2106 carbides. (a and b) Dark

field images of the carbides
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twinned structure
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Figure 4.36 continued
¢) Diffraction pattern

d) Interpretation of carbide diffraction pattern,
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0,25um

Figure 4.37 Fine intragranular precipitates in alloy V4/0.

The REM-containing V4/0,1 alloy

This alloy, which is ductile, contained some precipitates along
the gralin boundaries. The precipitates were largely discrete and
many boundary areas completely free of precipitation were observed
(Figure 4.38), Occasional coarse precipitates (unidentified) which
were totally spheroidised (Figure 4.39) unlike the carbides also
occurred, These are probably REM compounds. '

In the areas where grain boundary precipitation remained, fer or
no dislocations were present Conversely, dense %angles of
dislocations arranged in well-defined sub-grain boundaries (Figure
4,40) were located in the precipitate-free areas.
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Pigure 4.38 Residual grain boundary precipitatio. ‘n alloy V4/0,1,
ductile.

0,25um
| DL A |

Figure 4.39 Spheroidal precipivate in the V4/0,1 alloy. Note that

the grain boundary on either side of the precipitate is 'clean’.
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Figure 4.40 Dislocations arranged in sub-grain boundaries in the
ductile alloy V4/0,1.

Alloy V2/1/2

In the ductile alloy which does not contain REMs (V2/1/2) very few
precipitates were observed, The grain boundaries in thies alloy
appear very clean (Figure 4,41). Many dislocaticns were present
(Figure 4.42) and occasional ly these formed sub-grain boundaries
(Figure 4.43).

Summary

Brittle behaviour was found to be associated with intragranular
and relatively thick grain bouvadery precipitation. The de..sity of
dislocations (high in the ductile alloys and low in the brittle
alloy) ia probably related to the thickness and continuity of the
precipitates at the grain boundary (see section 5.3.3) whereas
their mebility i1s likely to be influenced by the awount of
intergranular precipitates. A fine, dense distribution of this

would hinder dislocation motion and possibly pin them,
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Figure 4.41 Grain boundary free of precipitates in alloy V2/1/%.
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Figure 4.42 Dislocations in alloy V2/1/2.
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0,5um

Figure 4.43 Sub-grain boundary in alloy V2/1/2.

4.8 ELECTRON MICROPROBE ANALYSIS

Qualitative electron microprobe analysis was used to identify the
elements present in the inclusions in the Fe-40Cr alloys. It also
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proved possible to indicate the relative concentration of elements
such as oxygen. The results of the probe analyses are given in
% Figures 4.44 to 4.48 below.

it ‘
The blocky (4.35) and needle--like inclusions (4.36) contained
iron, chromium and oxygen. The oxygen con%sit was lower in the
latter morphology. In alloy V4/0, cored inclusions were observed
(Figure 4.37). The outer rims of these particles contained lurger
quantities of oxygen than the cores, Sigma (ircn and chromium
only) was presen' as long strings of light grey inclusions (Figure
4.38). Numerous intragranular and grain boundary oxides of iron,

chromiuin and REM were observed in the alloy V2/3 which contalned

exness REMs (0,6%).
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Fixgure {.44 (Iron and chromium) oxide inclusions in the V1/1

alloy.

20pm

Figure 4.45 (Iron and chromium) oxide inclusions in the V1/1
alloy. These needle-like oxides contain less oxygen than the

blocky oxides.
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Figure 4.46 Cored oxide inclusiocna in the V4/0 alloy. The cores of

the oxides contain less oxygen than the rims.

20um

Figure 4.47 The 1light grey inclusions are o precipitates

The dark inclusions
(aistinguishable from the holes in the stringers) are (iron and
chromium) oxides. (Alloy V4/0.)

(containing iron and chromium),
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Figure 4.48 A1l inclusions are mixed oxides: (Fe, Cr, REM)xOy.
(Alloy V2/3.)

IMAGE ANALYSIS

It has been xhown that small additions of rare earth metals
influence the number, size and shape of inclusions. Different
annealing times and temperatures and interstitial element ncntents
have also been shown to affect the characteristics of the
inclusions, In a general way these observations have been linked
to the toughness of the Fe-40Cr al loys. for example heavy graim
boundary precipitation and high interst.itial levels have been

associated with brittle behaviour.

The image analysls study was an attempt to quantify the data
related to the inclusions and to determine whether this data was

related to the alloy behaviour in a consistent way.

Transverse sections of six samples were used in this study. The
samples were:

(1) the V1 alloy (0% REM) in two conditions: after annealing
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at 950°C and 1100°C:

(11) the V2/1/2 and V4/0 alloys whici do not contain REM and of
which V2/1/2 was ductile and V4/0 was brittle: and

(1ii) the V4/0,1 allcy (containing 0,1% REM) in two conditions:
ductile and brittle.

The surfaces of the specimens were polished and viewed in the
unetched condition. An automatic sampling facility was used to
sample 800 fields of view in each. The inclusions were divided
into two classes: needle-like and rounded. For each class four
parameters were measured: count, area%, area and the circular
shape factor (FOR" PE). The sample parameters are now described
here in detail to assist in the subsequent consideration of the

results.

(1) The 'count' parameter
This parameter counts the number of objects per field. It
is effectively a density measure. The spread of the values
also gives an indication of the homcgeneity of the
4istribution of inclusions in the samples.The resuits from
each sample are plotted on a histogram which has frequency
versus count axes. The mean value is =automatically
calcuiated. For a given level of interstitials the mean
value gives a useful indication of the extent of
precipitation.

(11) The 'area' parameter
The area of each individual particle in a particulanmr
sample is calculated by the area parameter, The axes of
the histogram on which the results are plotted are
frequency versus particle area, The mean area calculated
indicates the average size of the particles In each alloy.

(111) The 'area %' parameter
To obtain this value, the suu of the areas of each
detected inclusion detected is measured and expressed as a
percentage of the total area analysed. The results are
plotted on a histogram and the mean is automatically

calculated. This mean value gives an indication of the
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PR

'dirtiness’ of each alloy since it is related to the

volume percentage of inclusions, iz
(1v) The 'FORM PE' 3
N
The circular shape factor of the particle is defined by 3
the following mathematical expression: fﬁ
9
|
FORM PE = 4-X 1 X AREA o
PERIMETER TT

gl !

T,

For values equal to unity, the shape factor indicates that

T
=

particles analysed are perfectly round or square. The
closer the values to zero the more elongated and narrow

the particles are.

S
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4.9.1 The effect of different annealing temperatures

—
)

The results of image analysis on the alloy V1, heat treated at 950

S

and 1100°C are summarised below.

R

Sra =
- - :-

The annealing treatment at 950°C produced more inclusions than
that at 1100°C (a total of 731 inclusions as opposed to 695).
Although both classes of inclusions (necdle-like and round/blocky) 3
follow this trend it is not significant since standard deviations :
of the mean number of objects per field were so large that they

e Sty =0

sy
= T

may overlap.

The count distribution of each class of inclusion was similar in
both alloys. 75% of the fields contained between 1 and § of the
blocky inclusions whereas more than 70% of the fielda contained no

needle~1like inclusions. These results confirmed the observation

that the inclusions tend to be unevenly distributed,

For both heat treatments, the blocky inclusions ranged from 0,5 to

2 2. The areas of the

2

19um“ in area and most gave areas less than 7um

needle-1ike inclusions clustered around an area of S5um® and none

P, AP TR TR

were larger than 9um2. Typical area distributions are shown in
Figures 4.49 and 4.50.

S
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Figure 4.49 Area distrbution of round/blocky precipitates ’
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‘'ne area % histograms were similar in shape to the area
histograms, The inclusions in the alloy annealed at 950°C covered
@ mean area of 0,?7% while the mean area for the inclusions after

the 1100°C anneal was 0,16%.

The shape factor distribution of the blocky precipitates was
skewea towards unity (perfectly square or round particles) as
expected. The needle-1like precipitates did not group around any
particular value indicating « large variation in morphology.

' Typical shape factor distributions are shown in Figures 4.51 and
4.52.

The principle difference between the alloys annealed at 950 and
f 1100°C was thus in the number of inclusions, and the denrease
! associated with the higher anrealing temperature probably
;h.l ' indicated that the interstitfals had gone into solutjor.

p , 4.9.2 The effect of different interstitial element contents

, The alloys V2/1/2 and V4/0 had total interstitial contents or
;li ' 460ppm and 760ppm respectively. In both, the blocky and needle-
?k ' like inclusions were inhomogeneously distributed and for each
* f class of inclusion, the count histograms were similar. There was,
!; ' ; however, a significant difference in the numbsr of inclusions in
] each sample, Alloy V2/1/2 contained a total of 450 inclusions for
f the 800 fields analysed whereas the corresponding value for the
: V4/0 alloy was 985, The number of needle-like inclusions was

. : similar to the aumber of blocky ones in both.
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Figure 4.51 Typical shape factor distribution of blocky/round
precipitates. The histogram is skewed towards unity (perfect

cicularity).
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Figure 4.52 Typical shape factor distribution of needle-like

inelusions. The wide spread indicates irregularity in shape.
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The areas of the blocky inclusions were spread over a wide range
{0 -~ 20pm2) and that of the needle-like inclusions over a narrow
range (0 - 5um?). In this instancs, the results for the V2/1/2 and
V4/0 alloys were similar to thosec described in Section 4.9.1.
However, the distribution of the ar¢ - of the blocky inclusions in
the ductile alloy (V2/1/2) was significantly different from that
of V4/0 (and the other two alloys already analysed). The A

2

inclusions in this alloy were generally larger than 1lum® 4. area o

and the area range was fairly evenly spread up to 29pm' \Figure
4.53) In the other analyses, between 60 and ?0% of the inclusions

2

5
had areas less than 5um“ and nearly half of these were located in p

the J to lpm2 area range.

The area % results for V2/1/2 and V4/0 also showed significant
differences., The brittle V4/0 alloy had a mean area % of 0,8 and
*he ducrtile alloy, 0,2%. These values indicated. in quantitat.ve
cerms, that V4/0 contained a much larger volume frection of
precipitates than V2/1/2. %

The shape factor histograms had the typical distribution already
described (in Section 4.9.1).

Yte analysis of the inclusions in the V2/1/2 and V4/0 alloys thus
indicated that ductility is associsted with low interstitial

contents, fewer inclusions, and inclusions of a larger size.

T Skt 2

T ypes———
E

il e

e ——————— >

1
i

i
: . -4 ‘L-~u_,A-"‘~_4LnAHluhmn1l.iﬁd.h‘h-‘....ﬂhﬂ-ﬂh-hhdi.lllﬂii



T ww

Figure 4.53 V2/1/2 - ductile alloy, area distributiown. The

Y

inclusions were mainly greater than lpmz in size.
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The effect of REM additions

The alloy V4/0,1 which contained 0,10% REM, in the ductile and
brittle conditinn, was compared Lo V2/1/2. This alloy had a higher
interstitial content than V2/1/2; 540ppm as opposed to 460ppm, and
due to the presence of REMs, had rounded rather than blocky
precipitates.

The count histograms of the V4/0,1 samples were were similar in
shape to those already described (Sections 4.9.1 and 4.9.2).
Nevertheless they revealed a unique characteristic of the REM-
containing alloys; even ‘hough these contained a relatively high
percentage of interstitials, their inclusion content was very low.
The ductile alloy nontained 287 inclusions and the brittle alloy
only 381, The proportion of needle-like to r ‘inclusions was
about 1:1 in both alloys and this is prot related to the
extensive carbide precipitation developec at low rolling

temperatures (Section 4.5.4).

The areas of the round inclusions in “he brittle V4/0,1 alloy was

spread over a wide range, up to 20pm2

. The spread was not as even
as in the alloys which do not contain REMs. About 3 size ranges
were evident and a significant number of the precipitates were
small, In the ductile V4/0,1 alloy the precipitates are generally
larger, 16 exceeded 20pm2 and the grouping of the different size
ranges was accentuated (Figure 4.54). This should be compared with
the smcoth variation in Che other alloys (cf Figure 4.49).
However, this alloy still had a greater percentage of smaller-
sized precipitates ((3pm2) than V2/1/2 which had a higher upper
shelf impact energy. In both V4/0,1 alloys, mc st needle-1like
inclusions were larger Lhan 1pm2 in size. In contrast, those in

the V2/1/2 alloy were mostly smaller than lpmz.




- o0 =

IDENTITY NO. V4 13 20.10.85 UNIT MIC CHANNEL 1

HISTOGRAM OF AREA

ABS. FREQUENCY COUNTS 90
UND FLOW 0

00 OVERFLOW 16

CLASSES

MOOUL
5000

L. BOUND
0.000

: U BOUND
| 20.00

MINIMUM
10,00 9248E-01

MAXIMUM
264.2

MEAN
20.05

SO0
47.95

M. CLASS

|
|
0.00 {Al [Ll[[LLlLlLJLil;ﬂdljhjthhLL | Ll. WP 6.000

0.000 10.00 20.00

Figure 4.54 Area distribution of a ductile REM-containing alloy.
The REM addition separated the inclusions into definice size

groupings.
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The percentage area occupied by the inclusions in the V4/0,1
alloys was 0,4 and 0,35% for the ductile and brittle conditions
respectively. The duc..'e alloy thus had fewer, but larger R
precipitates. Alloy V2/1/2, the most ductile of the three alloys &

4 examined had an even smaller percentage area (only 0,2%) ascribed

to precipitation.

The shape factor histogrcms showed the usual trends.

!
:
i ! On the basis of these results, the effect of REMs can be described
' ¥ \ as follows. For a given interstitial level, REM additions decrease

Ragr i o P R e N R

P
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the number of inclusions, These inclusions are rounded and are

also of a larger size than those of the alloys whicl. do not

contain REM.

e NS

4.9.4 Summary

AR

The findings of the image analysis study indicate that when a
svitable heat treatment is used, ductile fracture in Fe-40Cr
3 alloys is produced at low levels of interstitials and inclusion
‘ nizes greater than lpmz. Furthermore, the inclusions in the REM-
containing alloys do not dissolve at high temperatures (1150°C),
but simply grow in size, Since, REM oxides and nitrides are more
stable than (Fe and Cr) ox‘des and nitrides, they chemically fix i
b oxygen and nitrogen, and hence decrease the susceptibilty of the
2 alloys to high temperature embrittlement. Finally REM additions
spheroidise inr~lusions. For a given interstitiai level, this shape

of inclusion appears to promote ductile behaviour,
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DISCUSSION
MECHANICAL TEST RESULTS

Comparison between the impact energies obtained in the

current study and those quoted in the literature.

Coapared with the modest ductile - to - hrittle -~ transition -
temperatures (DBTTs) obtained in this study (-15°C at besl) the
results quoted in the literature seemn spectacular., DBTTs of -100,
=75 and - 40°C are routinely quoted for alloys containing 18 to
30% ohromium2'8'33'42. The Charpy cpecimens used in these reported
studies were however only 1,5 to 4mm thick. Table 5.1 lists the
specimen thicknesses and the corresponding transitionr

temperatures.

Table 5.1 DBTTs for Charpy impact samples of various thicknesses.

DBTT Specimen thickness References
(¢C) (rm)
-100 1,8 2

=75 1,5 and 2,5 8,42
-40 2,5 and 4 8,38

The practice of vsing sub-size specimens means that comparison of
the results of the diff'erent studies is impossible. The Charpy
test specifications state t ¢t a general correlation between
energy values obtained with samples of different sizes is not

78 aspecifically designed to examine

fecasible, Morecover, 2 study
specimen size effects showed thal the transition temperature in
several steels increased dramatically (from =50 to 50°C) with
increasing Charpy bar thickness (from 1,25mm to 10mm). Similarly
Onashi et al38 found that increases in the specimen thickness of a
26Cr-Mo alloy from 4mm to the standard 10mm specimen size raised

the DBTT by 20 to 30°C. This upward shift of the transition
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