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Microstructure and phase transformations 
in duplex 316 submerged arc weld metal, 
an ageing study at 700~ 

R. A. FARRAR 
Department of Mechanical Engineering, The University of Southampton, 
Southampton, Hampshire, UK 

The transformation of metastable 6-ferrite has been studied in two duplex stainless 
steel weld metals. The kinetics and the nature of the equilibrium phases produced, 
depend upon the localized microsegregation of chromium and molybdenum to the 
6-ferrite laths in the as-welded state. A transformation model is proposed which 
suggests that a longer term stability of the 6-ferrite may be achieved by alterations 
in the basic 31 6L composition used for the production of submerged arc weld 
metals. 

1. Introduction 
Present design practice for the fabrication of 
welded joints in AISI type 316 stainless steel 
requires that the as-deposited weld metal shall 
contain a 3 to 8% 6-ferrite to prevent hot crack- 
ing during welding, and this may be achieved 
using a matching 316L composition of 19Cr- 
12Ni-3 M o. 

Although the presence of the 6-ferrite is essen- 
tial to obtain the correct mechanical properties 
during welding, the inherent instability during 
service conditions produces a complex series of 
phase transformations [1, 2] which could have 
serious implications for both creep and fracture 
properties of the weld metal. 

Previous work by Farrar and Thomas [2] on 
the phase transformations which occurred in 
316L submerged arc weld metals after creep 
testing at 600 ~ C, indicated that the 6-ferrite 
transformation mechanism was highly complex. 
The transformation to M23C 6 could occur at 
either the original 6-? boundaries or within the 
6-ferrite laths depending upon the availability of 
suitable nucleation sites. The subsequent trans- 
formation to the intermetallic a phase depended 
upon the localized enrichment of chromium and 
molybdenum within the 6-ferrite lath, and the 
proximity of the local composition to the ternary 
phase boundaries at 600 ~ C. 

The present work extends these studies with 
an investigation into the systematic microstruc- 
tural and microcompositional changes which 
occur with ageing at 700~ of the original as- 
welded material. 

2. Experimental details 
Two weld metals which had displayed signifi- 
cantly different transformation kinetics were 
selected from previous studies [3]. These had 
been produced in the form of butt welds using a 
nominal heat input of 2.7 kJ mm -~ . The details 
of the consumables and the bulk analyses of 
these welds are given in Tables I and II respec- 
tively. Rods of 3 mm in diameter, were machined 
from the as-welded deposits for electron micro- 
scopy. The rods were encapsulated in evacuated 
silica capsules and aged at 700 ~ C for 0.5, 5 and 
100h respectively, to produce material which 
had nominally transformed by 22, 53 and 100% 
(according to the equations calculated by Thomas 
and Yapp [4]). The samples were too small to be 
measured by the Magne-Gage technique. 

After suitable slicing and mechanical polish- 
ing to l l0/tm thickness, the discs were elec- 
tropolished at 10~ in a solution of 10% per- 
chloric acid in alcohol. Microstructural and 
microcompositional analyses were carried out 
on a JEOL 100 CX scanning transmission 
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T A B L E  I Combinat ion of  commercial fluxes, wires and welding conditions used 

Weld Number  Flux Wire A V Travel speed 
(mm rain-  1 ) 

316-5 Armco 880 Oerlikon 316L 400 34 305 
316-6 Armco ST100* Oerlikon 316L 400 34 305 

*Indicates chromium compensat ing flux 

electron microscope, STEM, fitted with an 
energy dispersive analyser, EDX. Typical micro- 
compositional analyses were carried out after 
accumulating 70000-80000 counts in 100sec, 
giving a probable error of 0.25% in the calcu- 
lated concentrations [5]. 

3. Results 
3.1. Delta-ferrite phase transformation 

products 
3.1.1. Weld metal 316-5 
In the as-welded condition, the typical form of 
the 6-ferrite is illustrated in Fig. 1. Detailed 
examination of the fringe contrast at the 6-~ 
boundaries revealed slight evidence of precipita- 
tion. Electron diffraction proved difficult and 
although no conclusive evidence as to their exact 
nature could be obtained, it may be presumed 
that the precipitation was an early stage of 
M 2 3 C  6 development. After ageing for 0.5 h, dis- 
tinctive changes were seen to occur both at the 
6-~ boundaries and within the 6-ferrite laths. In 
some laths large carbides developed profusely 
along the 6-y boundaries, Fig. 2, whereas in 
others, carbides associated with dislocations 
were formed, Fig. 3. Electron diffraction evidence 
confirmed that both these precipitates were 
M 2 3 C  6 carbides similar to those reported by Lai 
and Haigh [6]. 

Ageing for 5 h, appeared to allow the lath 
boundary carbides to grow and develop, Fig. 4, 
and to produce a complex transformation within 
the laths. In some there was evidence of the a 
phase and very small quantities of z-phase 
nucleating, Fig. 4, whereas in others the carbides 
associated with the dislocations had continued 

to develop, Fig. 5. There was also some evidence, 
Fig. 5, of the 6-~ boundary migrating away from 
the original position to leave isolated M13C6 
carbides. 

Finally, ageing for 100h allowed the trans- 
formation to proceed to a mixture of intermetal- 
lic a, M 2 3 C  6 carbides and a little remaining 
6-ferrite. 

Fig. 6 illustrates the complex mixture of a and 
M23C6 carbides which have replaced original 6- 
ferrite; the carbide network in the latter being 
highly reminiscent of a eutectoid type of decom- 
position. In other laths, the transformation was 
incomplete and there was clear evidence of 6-fer- 
rite co-existing with a phase and partially 
spheroidized boundary carbides, Figs. 7 and 8. It 
is interesting to notice the fringe effects around 
the 6-ferrite in Fig. 8, which are similar to those 
seen in the as-welded sample, Fig. 1. 

3. 1.2. Weld metal 316-6 
In the as-welded condition, there was evidence 
of very small carbides at the 6-y boundaries, Fig. 
9, similar to those found by previous authors [2]. 
A clear example of these carbides is shown in 
Fig. 10, where they appear to be growing along 
to the original 6-~ boundaries. 

Ageing for 0.5 h at 700 ~ C, allowed these grain 
boundary carbides to grow along the 6- 7 bound- 
aries, Fig. 11, but there was no evidence of the 
massive development as seen in the 316-5 weld 
metal. In other laths where there was only 
limited carbide development, substantial trans- 
formation had taken place to a phase, Fig. 12. 

After 5h ageing, there was considerable 
formation of the a phase which now accounted 

T A B L E  II  Chemical analyses of  parent plate and weld metals 

Element C S M n  P Si B Ni 
wt % 

Cr Mo Schaeffter Schaeffler As-welded 
Cr Ni % 
equivalent equivalent 6-Ferrite 

Parent plate 0.024 0.021 1.47 0.017 0.38 - 11.2 17.0 
Weld 316-5 0.021 0,019 1.02 0.026 0.51 0.003 12.5 18.7 
Weld 316-6 0.026 0.019 1.48 0.030 0.57 0.004 12,0 19.5 

2.42 -- -- -- 
2.32 21.8 13.6 6 
2.27 22.6 13.5 12 
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Figure 1 A 6-ferrite lath in the as-welded 
316-5 material. Initial stages of  carbide 
precipitation are evident at 6-7 bound- 
aries. ( x 32 500). 

Figure 2 Copious M23C 6 precipitation at 
the 6 -  7 boundaries in 316-5 material aged 
for 0 .5h at 700~ ( x  26000). 

Figure 3 Carbide precipitation associated 
with dislocation sites within a 6-ferrite lath 
in 316-5 material aged for 0 .5h at 700~ 
( x 26 000). 
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Figure 4 Complex transformation to a 
mixture of  carbides and intermetallic ~r 
phase in 316-5 material aged for 5h  at 
700 ~ C. ( • [ 3 000). 

Figure 5 Partial t ransformation to Mz3C 6 
carbides both at the 6-7 boundaries and 
within a 6-ferrite lath in 316-5 material 
aged for 5h at 700~ ( •  13000). 

4218 

Figure 6 Complete t ransformation of  ori- 
ginal ferrite to intermetallic tr phase and a 
eutectoid like M23C 6 carbide ne twork  in 
316-5 material aged for lOOh at 700~ 
( • 13 o00). 



Figure 7 Complete transformation of an 
original ferrite lath to austenite and M23C 6 
carbides in 316-5 material aged for 100 h at 
700 ~ C. ( x 26 000). 

Figure 8 Partial transformation of the 6- 
ferrite to a mixture of a phase and car- 
bides. Some stable 5-ferrite remaining in 
316-5 material aged for lOOh at 700~ 
(x 20 800). 

Figure 9 A 5-ferrite lath in as welded 316-6 
material. ( x  26 000). 
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Figure 10 Early stages of M23C 6 precipita- 
tion at the ~-?, boundaries in as-welded 
316-6 material. ( x 84 500). 

Figure 11 Very limited carbide precipita- 
tion at the 6-y boundaries compared to the 
situation shown in Fig. 2. 316-6 material 
aged for 0.5h at 700~ (x 26000). 

Figure 12 Substantial transformation of 
original ferrite to intermetallic a phase in 
316-6 material aged for 0.5h at 700~ 
( x 26 000). 
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Figure 13 Complex transformation to a 
mixture of  intermetallic a phase and car- 
bides in 316-6 material aged for 5h  at 
700 ~ C. ( x 26 000). 

for some 50% of the original 5-ferrite laths, Fig. 
13. The carbides at the 6-~ boundaries appeared 
to be breaking up and spherodizing, and the 
austenite boundaries had migrated from their 
original positions, Fig. 14. 

Compared to the 316-5 weld metal, little or no 
evidence was seen of carbides associated with 
dislocations within the laths at any stage of the 
ageing sequence. 100h ageing at 700~ pro- 
duced a complete transformation of the remain- 
ing 5-ferrite to a phase. Clear diffraction pat- 
terns were obtained which frequently followed 
the orientation relationship 

(1 1 1)7 II (001)a 
(01 1)T 11 (1 4 0 ) a  

with lattice parameters ao = 0.882 _+ 0.002 nm 
and Co = 0.433 + 0.002 nm, these are similar to 

those reported by Weiss and Stickler [1]. Little 
evidence was obtained for any of the other inter- 
metallic phases such as ;t or R which have been 
reported by previous workers [6, 7]. The M 2 3 C  6 

carbides had become completely divorced from 
the 7-a boundaries, Figs. 15 and 16, and there 
was evidence that the spheroidized precipitates 
were beginning to redissolve as suggested by 
Thomas and Keown [8]. 

3.2. Microcomposi t ional  profiles 
Following the previous work of Farrar and 
Thomas [2] which had revealed significant dif- 
ferences in the localized segregation of chro- 
mium, nickel and molybdenum in the 5-ferrite, 
the present work studied the changing con- 
centration of these elements with ageing at 
700 ~ C. 

Figure 14 Partial spheroidization of M23C 6 
carbides and migration of  the 57 bound-  
ary from the original position as defined by 
the carbides in 316-6 material aged for 5 h 
at 700 ~ C. ( x 65 000). 
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Figure 15 Complete transformation to 
intermetallic a phase, together with 
spheroidization of the carbides at the 
original6 7 boundary. 316-6 materialaged 
for 100h at 700~ (x 10400). 

Figs. 17 and 18 illustrate the STEM/EDX 
segregation profiles of chromium, nickel and 
molybdenum in weld 316-5 in the as-welded and 
aged for 5 h-conditions. (The raw data was cor- 
rected using the k factors reported by Farrar 
and Thomas [2].) The most significant feature 
revealed by these results was the incorporation of 
molybdenum into the grain boundary carbides, 
Fig. 18, with local values rising to 8 wt %. As 
there was some scatter in the analyses, the 
average of five different determinations for each 
material condition are plotted in Fig. 19. Signifi- 
cant changes in the molybdenum profiles are 
clearly evident. It is also interesting to notice 
that the chromium and nickel profiles did not 
alter significantly before 100 h ageing of the 316- 
5 weld metal. Similar results are presented in 
Figs. 20 to 22 for weld metal 316-6. In this 

material there was a slightly higher segregation 
of chromium, local values of 23 to 24 wt % were 
found in the as-welded condition compared with 
values of 21 to 23wt% for the 316-5 material. 
However, there was less molybdenum, with local 
values of 3 wt % at the 6-7 boundaries. Fig. 22 
indicates the systematic changes observed with 
ageing based on five different determinations for 
each material condition. 

After 100h ageing, the ~-6 boundaries as 
determined by the compositional profiles appear 
to have moved between 0.5 to 1.0 #m compared 
with the original position of the 7-6 boundaries, 
these being shown as dotted lines in Figs. 19 and 
22. 

If the shift in the profile is controlled by the 
diffusion of chromium in the austenite matrix, 
the mean shift, 2, may be calculated from the 
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Figure 16 Complete transformation of 
6-ferrite to intermetallic a phase. 316-6 
material aged for 100h at 700 ~ 
( x 20 800). 



Figure 17 Compositional profile across 
original 6-ferrite lath in as-welded 316-5 
material using STEM/EDX. (Foil thick- 
ness 270 nm). 
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error function expression, 2 ~ ( D t )  l/2 . Using 
D = 5.7 x 1 0 - 1 9 m Z s e c  -1 at 700~ [9], 2 ,~ 
0.45#m after 100h, which is the same order of 
magnitude as the shifts observed. 

4. Discussion 
4.1. In f luence of  ternary  F e - C r - N i  phase 

d iagram 
In an earlier study [3] o f  creep specimens tested 
at 600~ it was found that the measured trans- 
formation rates for welds 316-6 and 316-5 varied 
by factors of  2 to 3 faster and slower, respectively, 
compared with the rate predicted by Thomas  
and Yapp  [4]. Considering the as-welded segre- 
gation analyses of  chromium, nickel and molyb- 
denum in the 5-ferrite laths, it is clear from Figs. 

19 and 22 that there are small, but significant 
differences between the two weld metals. 

Plotting these analyses as Schaeffler chro- 
mium and nickel equivalents on the F e - C r - N i  
phase diagram [10], it is apparent,  Fig. 23, that 
the two welds lie in different areas of  the equili- 
brium diagram. 

Weld 316-5 lies on the phase boundary between 
the 6 + 7 + tr and a + 7 phase fields. Since 5 
is a stable phase this would account for the 
slower transformation rates observed, as evi- 
denced by the presence of untransformed 
6-ferrite after 100h ageing at 700 ~ C, Fig. 8. 

Weld 316-6 lies within the tr + 7 phase field at 
700 ~ C, which is in agreement with the faster 
t ransformation rates and the microstructural 
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Figure 18 Compositional profile using 
STEM/EDX across a partially transformed 
(nominal 53%) 6-ferrite lath in 316-5 
material aged 5 h at 700 ~ C. Note the sig- 
nificant increase in molybdenum concen- 
tration at the 6-7 boundaries at points 4/5 
and 8. (Foil thickness 240 nm). 
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evidence which indicated a complete trans- 
formation to the a phase after 100h at 700 ~ C. 

As a question of the stability of  the 5-ferrite 
phase is under discussion here, it is useful to 
re-calculate the equivalent chromium and nickel 
concentration using the factors suggested by 
Irving et al. [1]. These produce small shifts on the 
ternary phase diagram from the points cal- 
culated using the Schaeflter equivalents, Fig. 23 
but do not alter the final phases predicted. 

As far as the co-existence of  the 5, 7 and 
intermetallic phases is concerned, it is felt that 
the use of  the Fe-Cr -Ni  ternary is more useful in 
this context than the Fe -Cr -Mo  equilibrium 
diagram used by Slattery et al. [7], as the latter 

4224 

does not predict the presence of stable 5-ferrite 
phase at the ageing temperature. 

4.2. Transformation sequence for 
1 9-1 2-3 materials 

4.2. 1. Previous work 
There have been numerous investigations into 
the phase transformations which occur in plate, 
cast and welded 316 materials when they are 
aged in the temperature range 600 to 900 ~ C, and 
a summary of  some of  these results is presented 
in Table III. 

Although these do n o t  represent systematic 
studies relating the influence of  as-welded com- 
position and subsequent ageing temperature on 
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Figure 19 Changes in the compositional profiles in the 316-5 material with ageing at 700 ~ C. The curves represent the average 
of five readings at each ageing time and indicate the Scatter of results obtained. The dotted line marks the position of the 
original 6-y boundary. 

the formation of  intermetallic phases, an inspec- 
tion of this literature allows the following 
general conclusions to be drawn: 

1. The initial transformation products in either 
the austenite matrix or associated with the (5- 
ferrite laths are M23C 6 carbides. 

2. The formation of intermetallic phases such 
as a and X are encouraged by high concentra- 
tions of  chromium and molybdenum and by 
ageing temperatures above 650 ~ C. This con- 
clusion is particularly supported by the work of  
Wegrzyn and Klimpel [12] and Leitneker [13]. 

3. The Laves phase (r/), Fe2Mo, is not nor- 
mally observed in aged duplex weld metals. 

4. The effect of carbon is highly complex and 
depends on the levels of  chromium and molyb- 
denum segregated to the 6-ferrite laths. It has 
been suggested that a phase formation can be 
controlled by the carbon plus nitrogen levels 
[13]. If  these are sufficiently high they can 
remove chromium to the carbides at the 6-7 
interface and stabilize the remaining 6-ferrite. 

4.2.2. Systematic ageing at 7000C 
The results obtained in this present study appear 

to confirm the sequential transformation mech- 
anism proposed by Farrar and Thomas [2]. This 
mechanism involved the initial precipitation of 
carbides at the original 6-7 boundaries, or within 
the laths, followed by transformation to inter- 
metallic phases if the localized chromium and 
molybdenum concentrations are still at ade- 
quate levels. 

Considering the present results in the light of  
this sequence, a schematic transformation model 
for both the weld metals studied can be drawn, 
as shown in Fig. 24. 

In both cases the first reaction is the develop- 
ment of  M23C 6 carbides at the 6-2) boundaries, 
these already being present in the as-welded 316-6 
material, presumably due to the slightly higher 
chromium and carbon contents compared with 
the 316-5 material. 

In the early stages of  ageing the grain bound- 
ary carbides grow by the diffusion of carbon 
from the austenite matrix coupled with the dif- 
fusion of  chromium and molybdenum from the 
6-ferrite. The lower initial concentration of 
chromium in the 316-5 weld material means that 
the M23C 6 carbides can also develop within the 
&-ferrite laths, Fig. 3, whereas the higher initial 
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Figure 20 Compositional profile across 
original 5-ferrite lath in as-welded 316-6 
material using STEM/EDX. (Foil thick- 
ness 253 nm). 
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concentration of chromium in the 316-6 weld 
metal allows intermetallic a phase formation, 
Fig. 12. With increasing ageing time, the dif- 
ference between the two weld metals becomes 
more apparent. In the case of  the 316-5 material, 
the remaining 6-ferrite does not contain suf- 
ficient chromium and molybdenum to allow 
substantial a or Z phase formation, and the car- 
bides continue to develop within the 6-ferrite 
laths, Fig. 5. At this stage of  the ageing sequence 
the original ferrite at the 6- 7 boundary is denuded 
sufficiently in chromium and molybdenum to 
allow the 6-7 transformation to occur and the 
advancing 7 interface divorces the carbides, Fig. 
14. After 100 h ageing, the phase transformation 
in weld 316-6 is complete with the remaining 

5-ferrite being converted to the o- phase, Fig. 16. 
The M23C 6 carbides are also disappearing due to 
the diffusion of  chromium into the surrounding 
austenite matrix. In the case of weld 316-5, the 
lower chromium and molybdenum concentra- 
tions in the 5-ferrite limits the transformation to 
a and some 5-ferrite remains stable at 700 ~ C, 
Fig. 8, the bulk of the 6-ferrite having trans- 
formed to a complex 7 + M23C6 network as 
illustrated in Fig. 6. 

4.2.3. The role of the (chromium and 
molybdenum) equivalent 

The work of Wegrzyn and Klimpel [12], Leit- 
neker [13] and Slattery et al. [7], confirms the 
suggestions of Farrar  and Thomas [2] that the 
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Figure 21 Compositional profile using 
STEM/EDX across a partially transformed 
(nominal 53%) 6-ferrite lath in 316-6 
material aged for 5 h at 700 ~ C. (Foil thick- 
ness 274 nm). 
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role of  molybdenum is critical in determining the 
formation of intermetallic phases. If  the original 
concentration of molybdenum in the ~-ferrite is 
low, or if the 6-ferrite becomes depleted in 
molybdenum, due to the precipitation of  M23C 6 
carbides at the 6-7 boundaries, then intermetal- 
lie phase formation is severely retarded or even 
eliminated. Thus in weld 316-5, the copious 
precipitation of  M23C 6 carbides enriched in 
molybdenum, Figs. 5 and 18, has reduced the 
molybdenum concentration to 1 .Swt% and 
hence retarded a formation. 

Finally it was found that the incorporation of 
molybdenum into the boundary carbides had led 
to the development of the M6C phase. 

4 2 2 8  

Weiss and Stickler [1] have suggested that this 
can occur by the reaction: 

M23C 6 +Mo) +Mo (Fe,Cr)21Mo2C 6 ~ M6C 

Electron diffraction evidence for this reaction 
was obtained in weld 316-5 after 100 h ageing at 
700 ~ C, this compares with 2000 h for fully aus- 
tenitic materials [1]. It is difficult to separate the 
precise role of  molybdenum from that of  the 
chromium as both combine to enhance the 
formation of the 6-ferrite in the as-welded 
material, but the present results seem to suggest 
that the removal of molybdenum from the 6-fer- 
rite has a more powerful effect on a phase 
formation than does chromium. 
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Figure 22 Changes in the compositional profiles in the 316-6 material with ageing at 700 ~ C. The curves represent the average 
of five readings at each ageing time and indicate the scatter of results obtained. The dotted line marks the position of the 
original 6-y boundary. 

4.3 .  O p t i m i z a t i o n  o f  w e l d i n g  
c o n s u m a b l e s  

The different t r ans fo rmat ion  rates and  micro- 
s t ructural  products  observed in the two weld 
metals suggest that  it might  be possible to 
produce better long term stability at service tem- 
peratures in 19-12-3 weld materials.  

It is suggested that  adjus tments  in the ca rbon  
and  m o l y b d e n u m  levels may  be made  to control  
intermetall ic phase formation.  I f  the ca rbon  
level were increased to ~ 0.04% and  the molyb-  
de num level reduced to ~ 2%,  a lower propen-  
sity to intermetall ic phase format ion  might  be 
achieved in the 600 to 700 ~ C regime by ensur ing 

Fe 
10 20 30 40 50 60 

Ni (wt %) 

Figure 23 700~ isotherm of the Fe-Cr-Ni 
ternary system (after [10]) showing the com- 
position, plotted as Schaeffler equivalents, of 
the as-welded ~-ferrite (o). Shifts in the com- 
position using the factors developed by Irving 
et al. [11] are shown as O--*. 
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Figure 24 Schematic 6-ferrite trans- 
formation model for ageing at 700 ~ C. 
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that only the 6 ~ M23C 6 reaction occurs at the 
5-? boundaries. 

If the original segregation of chromium in the 
6-ferrite were also controlled by the use of non- 
compensating fluxes to produce leaner chro- 
mium deposits, it might be possible to achieve a 
longer term stability of the 6-ferrite once the 
initial 6 ~ M23C 6 reaction has occurred. 

A systematic series of studies on these small 
changes is required to determine the optimum 
composition for 316 duplex welds. Initial results 
by the current author using different manual 
metal arc rods with differing carbon levels 
appear to confirm this suggestion [17]. 

5. Conclusions 
1. After ageing at 700 ~ C, the original ~5-ferrite 

in the weld metals transforms to varying extents 
to mixtures of M23C 6 carbides and a phase. 

2. The rate of transformation of the 6-ferrite 
depends on the original segregation of chromium, 

4230 

molybdenum and nickel in the as-welded 
condition. 

3. The 6-ferrite initially transforms to M23C 6 

carbides at the 6-? boundaries or within the 
6-ferrite laths depending upon the availability of 
suitable nucleation sites. 

4. If the initial segregation values allow the 
material to exist in the 6 + 7 + a phase field at 
700~ the transformation is slow and the 
majority of the 6-ferrite is converted to 7 + 
M23C6, the balance of the 6-ferrite remaining as 
a stable phase. 

5. If the initial segregation values allow the 
material to exist in the 7 + a phase field at 
700~ the transformation is rapid and the 
majority of the 6-ferrite is converted to 7 -t- o. 

6. After the exhaustion of carbon within the 7 
matrix, the austenite boundary migrates into 
the 6-ferrite and the M23C 6 carbides become 
divorced. At longer ageing times there was 
evidence that molybdenum was incorporated 



into the boundary carbides and the transforma- 
tion to M 6 C  w a s  occurring. 

7. Suitable adjustments to the chromium, 
molybdenum and carbon contents should allow 
the development of a weld metal which has a 
very slow transformation rate at service tem- 
peratures, with the bulk of the transformation 
being to M 2 3 C  6 at the original 6-7 boundaries. 
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