
Heat-Affected Zone Toughness of SMA 
Welded 12%Cr Martensitic-Ferritic Steels 

The effects varying welding parameters have on HAZ toughness 
are determined and recommendations made 

BY T. G. G O O C H A N D B. J. GINN 

ABSTRACT. The present work was done 
to examine the effects of varying welding 
procedures on HAZ toughness of 12%Cr 
martensitic-ferritic steels. Two commer
cial base metals were selected of 12-mm 
(0.5-in.) thickness, varying in martensite-
ferrite balance, and stabilized by Ti addi
tions. Shielded metal arc (SMA) square-
groove welds were made using 23%Cr-
12%Ni electrodes, with Charpy impact 
tests on specimens notched through the 
thickness in the high-temperature HAZ. 
Further toughness testing was carried out 
on simulated HAZ samples produced us
ing thermal cycles derived from actual 
weld runs. Transition curves were ob
tained, and effects of varying arc energy 
from 0.5 to 2 k j /mm (12 to 50 kj/in.), of 
reheating during multipass welding, and of 
preheating to 250°C were examined. 

Microstructural examination was car
ried out optically. Ferrite grain sizes in the 
high-temperature HAZ were measured by 
a linear intercept method, and martensite 
contents were determined by point count
ing. Fractographic study was employed to 
clarify factors influencing cleavage initia
tion. 

Ductile-brittle transition temperatures 
for 30 J (22 ft-lb) absorbed energy were 
obtained, and, together with other pub
lished results, were related to HAZ micro-
structure by a Cottrell-Petch analysis. 

The investigation determined that the 
toughness in the HAZ is dependent mainly 
on the peak ferrite grain size produced by 
welding, and low arc energy is recom
mended for optimum HAZ toughness. 
The results also indicated that in neither 
steel did preheating to retard cooling 
greatly affect the final martensite level. For 
the steels studied in which ferrite was the 
major HAZ phase, increasing martensite 
had a slightly detrimental effect on tough
ness. 

Introduction 

In most applications, common structural 
steels require some form of corrosion 
protection, for example by painting or 

zinc coating. For long-term service, such 
corrosion protection requires mainte
nance with associated expenditure, and 
there can be economic advantages on a 
total life cycle cost basis in selecting a 
more corrosion-resistant material at the 
design stage. Recent years have seen the 
development of a number of steels con
taining about 12%Cr (Refs. 1-5), a suffi
cient level to promote useful resistance to 
attack in atmospheric or essentially non-
aggressive aqueous conditions. Such steels 
are not "stainless" in that they readily de
velop a patina of rust even in air, but the 
ensuing rate of metal loss is very low, and 
the alloys find use in motor vehicles or 
freight containers, and applications that 
require low-stress abrasive wear resis
tance, in mine ore carts and in chutes that 
handle wet farm produce. 

Conventionally, steels with approxi
mately 12%Cr display a martensitic struc
ture, requiring preheat to avoid hydrogen 
cracking during welding and postweld 
heat treatment to temper the transformed 
weld area and improve toughness (Ref. 6). 
These problems are reduced by lowering 
the carbon content of the material to be
low about 0.1% (Ref. 7). At sufficiently low 
carbon, the steel becomes fully ferritic, 
with negligible risk of hydrogen cracking 
and giving improved cold formability for 
many sheet applications. However, fully 
ferritic steels display massive grain growth 
at high temperatures on welding, which 
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causes major loss of toughness in the weld 
area. 

Accordingly, a number of corrosion-re
sistant 12%Cr steels have been developed 
(Refs. 1-5) with close control of the car
bon content and martensite/ferrite bal
ance to avoid the extremes of behavior 
associated with completely martensitic or 
ferritic structures. Commercial wrought 
alloys are being produced covering a 
range of martensite/ferrite balance, de
pending on the particular view taken by 
the steelmaker of the relative merits and 
disadvantages of the two phases during 
steel production and in service (Ref. 8). 
They are produced generally by an argon-
oxygen decarburization method to give 
fairly low carbon contents, but with some 
variation in other alloying elements, espe
cially in the use of nickel and copper as 
austenitizers and of titanium to getter car
bon and nitrogen. Weldability studies have 
been reported (Refs. 1-5, 9, 10), showing 
that arc welds can be produced with 
properties adequate for at least simple 
structural purposes, and it has become 
normal practice to employ austenitic stain
less steel consumables (Refs. 1, 2, 5) to 
minimize the risk of heat-affected zone 
(HAZ) hydrogen cracking and to ensure 
deposition of tough weld metal. From 
these studies, it has become evident that 
a limiting factor on weld properties is re
duced toughness in the high-temperature 
HAZ. 

Close to the fusion boundary, transfor
mation to ferrite occurs (Ref. 7) with rapid 
grain coarsening at temperatures ap
proaching the solidus. During cooling, 
grain boundary austenite forms from the 
ferrite, with subsequent transformation to 
martensite. The extent of ferrite grain 
growth depends on the precise composi
tion of the steel concerned (in terms of the 
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Table 1—Base Metal Analyses 

Base Metal C N S 

1C 492 0.026 0.017 0.019 
IC495 0.025 0.010 0.009 

P 

0.022 
0.019 

Si 

0.45 
0.34 

Mn 

1.32 
1.23 

Element (wt-°o) 

Ni Cr Mo 

0.61 11.4 0.03 
0.56 11.4 0.01 

V 

0 07 
0 0 9 

Cu 

0.06 
0.08 

Nb 

<0.01 
<0.01 

Al 

0.024 
0.026 

Ti 

0.29 
0.42 

O 

0.003 
0.003 

Ferrite 
Factor 

9.7 
10.7 

Excess 
nw 

(wt-%) 

0.16 
0.29 

Note: All elements were determined by x-ray fluorescence, except C, N, S and O, which were determined by Leco combustion techniques, and Al by optical emission spectroscopy. Analysis reference 
numbers S/85/335. 0/N 85/107. 
(a) Ti in matrix, calculated assuming complete stoichiometric formation of Tic and TiN. 

temperature range over which ferrite or 
austenite is the stable phase and of any 
grain boundary pinning by carbides, etc.) 
and on the welding thermal cycle experi
enced. Inevitably, however, the HAZ 
structure is coarser than that of the base 
metal, while the ferrite content is in
creased since cooling is too rapid for the 
ferrite-austenite equilibrium to be ob
tained. As a result, for practical purposes, 
some loss of toughness in the HAZ of 
welded joints must always be expected. 

Present Work 

Notwithstanding the successful usage 
of corrosion-resistant martensitic/ferritic 
steels, there has apparently been no work 
carried out with the aim of defining opti
mum welding conditions. Lowering heat 
input, for example, would be expected to 
reduce the degree of ferrite grain growth. 
At the same time, austenite reformation 
on cooling will be restricted, so that any 
beneficial effect of low-carbon martensite 
on toughness will be lost. Hence, at 
present, even the effect of merely chang
ing arc energy has not been unambigu
ously defined, while there has been little 
attention to examining the possibility of 
improving toughness by using multipass 
deposition to encourage additional aus
tenite and martensite formation in re
heated areas. 

The present work was therefore initi
ated to examine the effects of varying 
welding procedure on HAZ toughness of 
12%Cr martensitic/ferritic steels. Repre
sentative commercial steels were obtained 
and Charpy impact tests carried out on 
HAZ samples from square-groove welds 

and on thermally simulated specimens. 
Optical metallography was undertaken to 
correlate the results obtained with the 
material microstructure. 

Experimental Procedure 

Approach 

Two base metals were selected, vary
ing in martensite/ferrite balance. In the 
first instance, shielded metal arc (SMA) 
welds were made, and Charpy impact 
tests were performed on specimens 
notched through the thickness in the 
high-temperature HAZ. The transformed 
region of prime interest was narrow, typ
ically less than 0.25 mm (0.01 in.), and with 
conventional preparations, the notch 
would necessarily sample appreciable 
amounts of weld metal and lower tem
perature HAZ. Bearing in mind the use of 
austenitic consumables of sgnificantly 
greater toughness than that of the HAZ, 
this can be expected to lead to consider
able scatter (Ref. 9). Thus, to facilitate dis
crimination between the welding vari
ables examined, the weld preparation 
used a square edge, which was buttered 
to produce a nominally plana' through-
thickness HAZ prior to joint completion. In 
addition, toughness testing was carried 
out on simulated HAZ samples, produced 
by using thermal cycles derived from ac
tual weld runs. 

Microstructural examination was car
ried out optically, with particular attention 
to determining ferrite grain size and mar
tensite content of the HAZ samples tested. 
Fractographic study was employed to clar
ify factors influencing cleavage initiation. 

Table 2—Welding 

Weld 
Type 

Bead-
on-

plate 

joint 
buttering 

joint Root 
completion fill 

Conditions 

Consumable 
Diameter, 

(mm) 

4.0 
4.0 
4.0 
4.0 

3.2 
4.0 

3.2 
4.0 

Current, 
(A) 

170 
150 
150 
170 

125 
170 

127 
160 

Voltage, 
(V) 

23 
22 
23 
24 

23 
24 

23 
24 

Travel 
Speed, 

(mm/min) 

490 
220 
100 
120 

260 
400 

260 
265 

Preheat, 

(°Q 
20 
20 
20 

250 

20 
20 

20 
20 

Arc 
Energy, 
(kj/mm) 

0.5 
0.9 
2.0 
2.0 

0.7 
1.7 

0.7 
0.9 

Materials 

Two base metals were obtained from a 
single manufacturer as 12-mm (0.5-in.) 
hot-rolled plate, annealed at 700°C 
(1292°F). Compositions are given in Table 
1, and were selected to give different 
martensite/ferrite balance according to 
the Kaltenhauser ferrite factor (FF) (Ref. 
11), i.e.: 

FF = %Cr + 6%Si + 8%Ti + 4%Mo 
-F 2%AI + 4%Nb - 2%Mn 
- 4%Ni - 40%(C-FN). (1) 

Martensite content decreases with higher 
FF values, with fully ferritic structures in the 
present steel type being obtained at FF 
>13.5(Ref. 11). 

Welding was carried out using 23%Cr/ 
12%Ni SMA consumables to BS 2926:1986 
12.12.R or AWS A5.4-74 E309-16 specifi
cations. 

Welding 

The SMAW process was employed for 
all welds, with 3.2- and 4.0-mm (0.13- and 
0.16-in.) diameter 23%Cr/12%Ni elec
trodes and conditions given in Table 2. 

For initial study of the effects of weld
ing procedure on HAZ microstructure, 
and in order to produce baseline thermal 
cycle data, bead-on-plate (BOP) runs were 
produced at 1 and 2 k j /mm (25 and 50 
kj/in.) as in Table 2. The plates were 
150 X 300 mm (6 X 12 in.) and thermo
couples were located in holes drilled at 
nominally 0.2 to 10 mm (0.08 to 0.4 in.) 
from the fusion boundary. Further bead-
on-plate runs were subsequently made to 
examine a wider range of cooling rates, 
especially with reference to the amount of 
austenite and martensite formation. In 
these cases, cooling rates were obtained 
from Pt/Pt-Rh thermocouples harpooned 
into the weld pool. 

To produce Charpy data from actual 
weldments, groove welds were made in 
the test steels. A face perpendicular to the 
plate surface was buttered before joint 
completion, so that the through-thickness 
notch of the Charpy samples could be lo
cated in as much high-temperature HAZ as 
possible. The buttering was sufficiently 
deep to enable a double-U preparation to 
be produced with a 2-mm (0.08-in.) root 
face. As indicated in Table 2, joint com
pletion was carried out at fairly low arc 
energy to minimize reheating of the planar 
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Fig. 1 — Charpy impact test results for base metals. 
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Fig. 2 — Charpy impact test results, IC492, groove weld HAZs. 

160 

HAZ, w i th a max imum interpass tempera
ture o f 150°C (302°F). The sequence was 
balanced, and no restraint was emp loyed . 
Final w e l d panel size was 230 X 150 X 12 
m m (9 X 6 X 0.5 in.). 

Thermal Simulation 

Specimen blanks o f 11 X 11 X 100 m m 
(0.43 X 0.43 X 4 in.) we re machined f r o m 
the base metals. Using The We ld ing Insti
tute's thermal simulator, a number of 
" t y p e s " o f thermal cycles w e r e repro
duced , the heating and cool ing curves 
fo l low ing those recorded f r o m the BOP 
runs. The cycles emp loyed are given in 
Table 3. A peak tempera ture of 1350°C 
(2462 °F) was selected as cor responding 
to the h igh- temperature HAZ and being 
wel l above the A 4 po int , thus produc ing 
comp le te t ransformat ion t o ferr i te. Some 
samples w e r e given a doub le cycle, w i th 
the max imum temperature o n the second 
cycle being wi th in the austeni te / fer r i te 
range o f either 1000° or 1100°C (1832° 
or 2012°F) The fo rmer tempera tu re was 
taken as close to that giving max imum 
austenite content (Refs. 2, 12), the latter 
in tended t o give slightly longer cool ing 
times. 

Charpy Testing 

Standard 10 X 10 X 55 m m (0.4 X 0.4 
X 2.2 in.) Charpy impact samples w e r e 
machined f r o m the base metals to p rov ide 
reference data, and f r o m the g roove 
welds and simulated samples p r o d u c e d . 
The g roove w e l d samples w e r e taken 
transverse to the we ld ing d i rect ion, and 
th rough thickness no tched . The machined 
blanks w e r e lightly e tched using 2.5% pic
ric ac id /2 .5% hydrochlor ic acid in alcohol 
t o assist in locating the no tch in the high-
temperature HAZ. The simulated samples 
w e r e also th rough thickness no t ched , the 
no tch being sited at the posi t ion of the 
the rmocoup le at tached dur ing thermal 
cycl ing. The Charpy samples w e r e tested 
over a range of temperatures to p roduce 
impact energy transition curves. 

Metallurgical Examination 

Transverse sections w e r e taken f r o m 
the base metal , and simulated w e l d sam-

Table 3—Thermal Cycles Employed for HAZ Simulation 

Cycle 
No. Cycle 

1 Single 
2 Single 
3 Single 
4 Single 

5 Double 

6 Double 

(a) NA = Not applicable. 

Nominal 
Arc 

Energy 
k j /mm 
(kj/in.) 

1(25) 
2(50) 

0.5(13) 
2(50) 

1(25) 
2(50) 
1(25) 
2(50) 

Peak 
Temperature 

(°C) 

1350 
1350 
1350 
1350 

1350 
1000 
1350 
1100 

Cooling Times (s) 

1200°-
800 °C 

5 
15 
3 

18 

5 
NA<a> 

5 
NA 

800° -
500° C 

6 
44 
8 

120 

6 
29 
6 

120 

Comment 

Base condition 
Increased arc energy 
Reduced arc energy 
250°C preheat to 
retard cooling 
Effect of reheating 

250C° preheat for 
second cycle, increased 
time in austenite 
range 

pies we re p roduced and then examined 
under an optical microscope. Ferrite grain 
sizes in the h igh- temperature HAZ regions 
w e r e measured by a linear intercept 
m e t h o d (Ref. 13), ignoring any cont r ibu
t ion f r o m martensite islands. The mar ten
site contents in the same regions we re 
determined by point count ing. A mini
m u m of 200 points w e r e coun ted , this 
giving standard deviat ions of about ± 1 . 5 
and ± 3% for second-phase contents o f 6 
and 30%, respectively (Ref. 14). 

Sections we re also taken normal to the 
Charpy sample f racture faces, especially 
to examine subsidiary cleavage cracking. 
Fractographic study was under taken using 
a scanning e lect ron microscope. Some 
samples w e r e lightly e tched to assist iden
tif ication o f microstructural features initi
at ing individual cleavage facets. Etching 

was carr ied ou t either in picric a c i d / 
hydrochlor ic ac id /a lcoho l , or electrolyt i 
cally in 20%H 2 SO 4 containing 0.1g/L 
NH4CNS. 

Hardness Testing 

Vickers hardness surveys w e r e carr ied 
ou t on we ld and simulated samples em
ploying 2.5-kg (5.5-lb) indent ing load. M i 
crohardness measurements w e r e made 
o n individual ferr i te and martensite con 
stituents. 

Results 

Charpy Testing 

Impact test results for the base metals 
are shown in Fig 1. Charpy data for the 
g roove w e l d HAZ samples are presented 
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80 
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40 

20 

• •0.7kJ/mm 

o o 1.7 k J/mm 

8 = V 

20 

Fig. 3 —Charpy 
impact test results, 
1C495, groove weld 
HAZs. 
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Table 4—Summary of Metallographic Observations and 30 J Transition Temperatures for Test 
Welds 

2: 
LU 

SE 
Q. 

o 

o tr < 
LU 
tn 
UJ 
tr 

SE 
CL 
O 
- J 
LU 

> 

X 
o 
tr 
< 
LU 
</> 
LU 
tr 

SE 
c . 
o 
- J 
UJ > 
LU 

Q 

O 
tr 
< 
LU 
tn 

o tr 
< 
UJ 
to 

a 
o 
—I 
UJ > 
LU 
a 
>> 
x 
o 
oc 
< 
LU 
tn 
LU 
cr 

Base 
Metal 

1C492 

1C 495 

Weld 
Type 

Groove 
Groove 
BOP(a> 
BOP 
BOP 
BOP 

Groove 
Groove 
BOP 
BOP 
BOP 

Arc 
Energy 

(kj/mm) 

0.7 
1.7 
0.5 
0.9 
2.0 
2.0<b> 

0.7 
1.7 
0.5 
0.9 
2.0 

Ferrite 

Grain 

Size 

(nm) 

125 
118 
100 
116 
122 
179 

116 
137 
60 
90 

140 

Martensite 
Content 

(%) 

33 
}9 
25 
50 
23 
31 

9 
8 
3 
5 
8 

Temperature 
for 30 j 

(°Q 

100 
90 

-
— 
-
-
65 
90 

— 
— 
— 

(a) Bead on plate. 
(b) Weld run deposited with 250°C preheat. 

Table 5—Summary of Metallographic Observations and 30 ) Transition Temperatures for 
Simulated HAZ Samples 

Thermal Cycle 

Base Metal 

1C492 

k j /mm 

0.5 
1 
2 
2 
1 
2 
1 
2 

Peak 
Temperature 

°C 

1350 
1350 
1350 
1350 
1350 
1000 
1350 
1100 

Preheat 
Temperature 

(°C) 

20 
20 
20 
250 
20 
20 
20 
250 

Ferrite 
Grain 
Size 
(Mm) 

152 
196 
180 
170 
187 

189 

Martensite 
Content 

(%) 

30 
31 
31 
27 
40 

39 

Temperature 
for 30 I 

(°C) 

100 
103 

103 

1C 495 0.5 
1 
2 
1 
2 

1350 
1350 
1350 
1350 
1000 

20 
20 
20 
20 
20 

166 
220 
242 
227 

74 
100 
70 

Fig. 4—Macrograph 
of section through 
1.7 kj/mm groove 

weld in Steel 1C495. 
showing buttering 
and planar fusion 

boundary, 5X. 

in Figs. 2 and 3. For b o t h steels, the HAZ 
transition tempera ture cor responding to 
approx imate ly 30 j (22 ft-lb) is above nor
mal ambient —Table 4. There appears lit
tle d i f ference b e t w e e n the steels at 1.7 
k j / m m (43 k j / in . ) , but at 0.7 k j / m m (18 
k j / in . ) , the higher ferr i te factor steel 1C495 
gave a l ower transit ion tempera ture . 

The 30 | (22 ft-lb) transit ion tempera
tures der ived for the simulated samples 
are listed in Table 5. For Steel 1C492, 
vary ing arc energy or reheat ing had little 
ef fect on toughness, the transition t e m 
perature being about 100°C (212°F). The 
higher ferr i te factor Steel 1C495 s h o w e d 
a similar transit ion tempera tu re w i t h a 2 
k j / m m (50 k j / in . ) cycle t o 1350°C, but a 
lower tempera tu re of a round 7 0 - 7 5 ° C 
(158° -167°F) w i t h the other cycles 
studied. 

Metallurgical Examination 

A macrograph f r o m a g roove w e l d 
section is s h o w n in Fig 4, indicating the 
fairly planar fusion boundary and hence 
the h igh- temperature HAZ achieved by 
the but ter ing opera t ion . 

Representat ive base meta l and HAZ 
microstructures f r o m the w e l d e d speci
mens p r o d u c e d are s h o w n in Figs. 5 and 
6. The actual and simulated structures dis
played similar grain g r o w t h and intergran
ular martensi te, a l though the peak ferr i te 
grain size was somewhat higher in the 
simulated specimens —Fig. 7. 

The results o f microstructural measure
ment are summarized in Tables 4 and 5. 
Some variat ion in ferr i te grain size was 
no ted b e t w e e n simulated samples, wh i ch 
w e r e sect ioned for study of subsidiary 
cleavage cracking, but this was only some 
± 1 0 % , and average measurements are 
given in Table 5. From Tables 4 and 5, the 
HAZ ferr i te grain size for the higher ferr i te 
factor metal 1C495 was slightly above that 
for the o ther steel. In b o t h alloys, increas
ing arc energy p r o m o t e d an increase in 
grain size, as il lustrated by Fig. 7. Neither 
material displayed great variat ion in mar
tensite content w i th changing arc energy. 
Steel 1C492 s h o w e d an increase in mar
tensite level fo l low ing a second thermal 
cycle, but preheat ing to 2 5 0 ° C (482CF) t o 
retard cool ing had no major ef fect . 

Sections th rough f racture faces of 
Charpy samples tested at l o w tempera
ture s h o w e d extensive subsidiary cleav
age cracking. This was virtually conf ined 
to the ferr i te phase, and most c o m m o n l y 
ex tended across a single grain f r o m one 
martensite island to another —Fig. 8. The 
fracture faces of such specimens s h o w e d 
wel l -def ined cleavage facets, w i t h the 
facet dimensions cor responding roughly 
t o the ferr i te grain size. The cleavage 
plane changed abrupt ly f r o m one grain t o 
the next, resulting in an irregular f racture 
face, and it was not possible to locate a 
single pr imary initiation region posit ively 
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Table 6—Results of Hardness Surveys on 
Groove Welds 

Hardness, 
HV (2.5 kg) 

Base 
Metal 

1C 
492 

1C 
495 

Arc 
Energy 

(kj / 
mm) 

0.7 

1.7 

0.7 

1.7 

Base 
Metal 

155-174<a> 
164 

160-181 
169 

Weld 
Metal 

217-237 
225 

190-233 
210 

247-258 
253 

227-243 
237 

High-
Tempera

ture 
HAZ 

179-237 
208 

172-230 
199 

186-201 
195 

170-243 
194 

(a) 
Range 

o n any sample. River markings o n the 
cleavage facets indicated many of them to 
have been init iated by crack g r o w t h in an 
adjacent grain, w i th no obv ious initiating 
feature - Fig. 9A. Elsewhere, crack trans
mission across grain boundar ies was less 
ev ident , and in these cases, init iation was 
frequent ly associated w i t h distinct sec
ond-phase particles, as in Fig. 9B. From x-
ray energy analysis, these w e r e generally 
t i tanium-r ich, presumably Ti(C,N), al
though possibly containing sulfur —Fig. 
10. At some points, initiation seemed to 
have taken place at a second phase, but 
the EDX analysis obta ined was similar t o 
that o f the matrix. This suggested init iation 
to have occur red at martensite, but w i th 
neither etchant was it possible to identi fy 
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local microstructural features, since the 
attack generally t ook place over the w h o l e 
f racture face. 

All f racture faces s h o w e d some micro-
vo id coalescence, such ducti le f racture 
becoming dominant in samples tested at 
high tempera tu re a l though w i t h consider
able variat ion in vo id size. Nonetheless, 
cleavage was observed in b o t h steels 
even in specimens tested at 160°C (320°F). 
The cleavage facets w e r e sometimes sep
arated by regions o f m ic rovo id coales
cence, the size being similar to that of the 
grain boundary martensite islands —Fig. 

Fig. 5 — Typical base 
metal microstructure 
(1C492), showing 
two-phase structure 
with elongated 
grains, and Ti(CN) 
particles, 250X. 

1 1 . In the g roove w e l d HAZ samples 
tested at higher tempera tu re , areas o f 
splitting parallel t o the plate surface w e r e 
apparent w h e r e the crack had propa
gated th rough the low- tempera tu re HAZ 
or base metal , whi le a number of speci
mens s h o w e d small regions o f w e l d metal 
w i th failure by ducti le tearing. 

Hardness Testing 

Vickers hardness measurements are 
summarized in Tables 6 and 7. Steel 1C495 
gave slightly l ower HAZ values than 
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Fig. 6 - HAZ microstructures in 1C495, 250X. A- 1.7 kj/mm, groove weld; B- 2.0, kj/mm, simulated sample, 1350°C. 
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Fig. 8-Subsidiary 
cleavage cracking in 
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1C492, which is commensurate with the 
lower martensite content. Further, from 
the microhardness results in Table 8, the 
martensite in 1C492 was harder than in 
1C495, although the reverse was ob
served for the ferrite phase. 

Discussion 

Effect of Weld Thermal Cycle on HAZ 
Structure 

Both the actual and simulated HAZ 
samples displayed extensive grain coars
ening and the formation of grain bound
ary martensite islands, with the ferrite 
grain size being somewhat larger in the 
simulated specimens —Fig. 7. Overall, 
grain size was increased with higher arc 
energy, especially with 1C495, and the 
trend was more marked with single ther
mal cycles, whether with BOP or simu
lated samples —Tables 4 and 5. Following 
Ikawa, et al. (Ref. 15), and Alberry, ef al. 
(Ref. 16), grain growth under isothermal 
conditions can be described by: 

Djn - DQ
n = A [exp (ir)] ( t i - t 2 ) ( 2 ) 

where Df and D0 are the grain sizes after 
holding at temperature T for times t, and 
t2 respectively, n is a growth exponent, Q 
is the activation energy, R is the gas con
stant, and A is a material constant. 

A number of workers have integrated 
Equation 2 over a weld thermal cycle, us
ing a numerical approach with values for 
the various terms being obtained by direct 
experimental observation of test welds, 
and in principle this approach can be em
ployed to assess the effects of varying 
welding conditions and material transfor
mation behavior on the peak HAZ grain 
size reached. Ashby and Easterling (Ref. 
17) derived an activation energy of 180 
kJ/K/mol for steels of the present type 
(Ref. 18). A range of growth exponent can 
be expected, depending on grain bound
ary solute drag, etc. For the present pur-
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Fig. 9-Irregular fracture face on simulated HAZ Charpy sample. A - 1C495, showing cleavage across adjacent grains, 160X; B- 1C492, showing ini
tiation from second-phase particles, I50X. 
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Fig. 10-X-ray energy analysis of initiating particle in Fig. 9B. 
Fig. 11 - Simulated HAZ Charpy sample, Steel IC492, tested at 4-160°C, 
showing cleavage and island of microvoid coalescence, 345X. 

pose, since coarsening would take place 
at high temperature close to the solidus, 
and would be rapid, n was taken to be 2.5, 
slightly above the theoretical value of 2. 
From the test welds produced, A was then 
calculated to be about 3 X 1010 mm2 Vs. 

On this basis, Equation 2 was integrated 
over thermal cycles recorded close to the 
fusion boundary, with a peak temperature 
of 1400°C (2552°F), for weld beads de
posited at 0.4, 0.9 and 2.0 k j /mm (10, 23, 

Table 7—Results of Hardness Surveys on 
Simulated Samples 

Base 
Metal 

1C492 

Nominal 
Arc Energy 

k)/mm 

1 

2 

2 (b) 

Hardness, 
HV (2.5 kg) 

188-212<a> 
198 

195-224 
210 

168-220 
198 

and 50 kj/in.) Grain growth was assumed 
to take place only in the high-temperature 
ferrite range, but with allowance for vary
ing A4 (austenite-ferrite and ferrite-austen-
ite) transformation temperatures (Refs. 2, 
12), and for reheating by a further weld 
run. 

This treatment is far from rigorous, but 
the results in Table 9 illustrate a number of 
points. Both increasing A4 temperature 
and decreasing arc energy led to reduced 
grain growth, with for the constants used, 
arc energy being more important. The 
predicted peak HAZ grain size developed 
at 1400°C peak temperature varies from 
roughly 70 to 140 ixm diameter for a 
change in arc energy from 0.4 to 2.0 k j / 
mm (10 to 50 kj/in.). The present obser
vations are entirely consistent with this in
fluence of varying arc energy on HAZ fer
rite grain coarsening, and with the greater 
sensitivity to arc energy of the higher fer
rite factor steel and lower A4 tempera
tures — Fig. 7. From Table 5, and from the 

Thomas and Apps data (Ref. 18), subse
quent thermal cycles to lower peak tem
perature induce negligible change in the 
ferrite grain size, and this will be the case 
for the greater part of the HAZ. However, 
Table 9 shows that some additional grain 
growth will occur in those fusion bound
ary regions reheated to 1400°C (AC, close 
to the solidus), especially if the arc energy 
is increased for the second pass, and this 
effect is evident from comparison of the 
multipass groove weld and single-pass 
BOP data in Table 4. 

As expected, the HAZ martensite con
tent developed was higher in the low-fer-
rite-factor Steel 1C492. Both materials 
showed martensite formed primarily at 
ferrite grain boundaries, with less evi
dence of intragranular nucleation of the 
ferrite to austenite reaction on cooling. 
This contrasts with the behavior found in 
higher alloy duplex f erritic/austenitic steels 
(Refs. 19, 20), certainly at a HAZ austenite 
content of about 30%, and indicates 

1C495 

Mean 
(b) 250-C simulated 

1 

2 

preheat. 

146-170 
156 

155-177 
161 

Table 8—Results of Microhardness 
Measurements on Typical Simulated 
Samples 

Material 

1C492 

1C 495 

Range 

Microhardness, 

Martensite 

254-377<a> 

320 
209-339 

274 

HM (25g) 

Ferrite 

133-145 
140 

143-157 
149 

Table 9 -

Arc Ener 
(kj/mm) 

0.4 

0.9 

2.0 

Run No. 

1 
2 
1 
2 
1 
2 

-HAZ Grain Sizes Calculated from Equation 2(a) 

gy 

Arc Energy 
(k/J mm) 

0.4 
0.4 
0.4 
2.0 
2.0 
2.0 

Single Cycle 

A4 Temperatures (°C) 
Heating-Cooling 

1300-1200 
1150-1050 
1300-1200 
1150-1050 
1300-1200 
1150-1050 

Dual Cycle 

A4 Temperatures (°C) 
Heating-Cooling 

1150-1050 
1150-1050 
1150-1050 
1150-1050 
1150-1050 
1150-1050 

Final Grain Size 
(Mm) 

71 
74 
97 

103 
131 
137 

Final Grain Size 
(Mm) 

74 
97 
74 

148 
137 
180 

(a) (a) Base metal grain size taken as 18 tum. 
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greater difficulty in initiating austenite ref
ormation in martensitic/ferritic steels. 

This may well reflect the lower nitrogen 
levels of the latter steels (Ref. 20), with 
transformation being controlled by sub
stitutional element diffusion. Whatever 
the cause, it is evident that the extent of 
HAZ martensite formation is determined 
primarily by the material composition and 
temperature range over which ferrite is 
the stable phase. There was no marked 
effect on martensite content of preheat
ing to retard cooling from peak tempera
ture, but martensite formation was in
creased from about 30 to 40% in the low-
ferrite-factor steel by reheating within the 
austenite range —Tables 4 and 5. 

Effect of Welding on HAZ Toughness 

Considering the groove weld results in 
Table 4, increase in arc energy had little 
effect on HAZ toughness for Steel 1C492, 
but led to some deterioration in terms of 
ductile-brittle transition temperature 
(DBTT) with 1C495. A similar trend is ev
ident also for the simulated samples given 
a single cycle to 1350°C, as in Table 5. For 
neither material was there any discernable 
influence of subsequent reheating to 
within the austenite range. 

The toughness of a number of titanium-
stabilized duplex steels of the present type 
was examined by Thomas and Apps (Ref. 
18). Using Charpy tests on simulated HAZ 
samples, cleavage resistance was found to 
be reduced by cycling to high-peak tem
perature with consequent grain coarsen
ing. From the results presented, the role of 
martensite was less clear, but it was con
sidered that reduction in martensite con

tent would be beneficial. Recent work by 
Grobler (Ref. 21) also suggests low-mar-
tensite levels to be preferable Other 
investigators (Refs. 1, 3, 4) have found in
creasing martensite to improve HAZ 
toughness, but these studies were prima
rily concerned with higher martensite con
tents of up to 100%. 

The present data are in broad agree
ment with Thomas's findings (Refs. 18, 
22). Specifically, the effect of changing arc 
energy was more marked for 1C495, 
which displayed a greater tendency for 
grain growth, while the lower DBTT re
sults were obtained for this lower-mar-
tensite steel. 

Factors Influencing HAZ Toughness 

Evidently, then, HAZ toughness is de
pendent both on ferrite grain size and on 
martensite content. Considering the 
former and accepting that the model does 
not explicitly recognize the cleavage nu
cleation mechanism, various workers 
(Refs. 23-25) have applied the Cottrell-
Petch ductile-brittle transition criterion to 
ferritic stainless steels, viz: 

<Ty ky d'/2 = ky2 "F <J0 ky ti^ > Cfif (3) 

where cry is the flow or fracture stress, 
these being coincident at the DBTT, ky is 
the Hall-Petch slope, d is the grain size, <r0 

is the lattice friction stress, ju is the shear 
modulus, y is the effective crack surface 
energy, and C is a constant 'elated to 
stress state. 

Taking aQ as the major temperature-
dependent term in Equation 3, Gladman 
and Pickering (Ref. 25) present a relation
ship between transition temperature and 

critical grain size of the form. 

DBTT = T0 + Kt d~ , /2 (4) 

where T and K are constants. 
The DBTT results from Tables 4 and 5 

are plotted against d _ , / 2 in Fig. 12, to
gether with DBTT values estimated from 
Thomas's data (Ref. 22) on similar, full-size 
simulated HAZ Charpy specimens. Over
all, there is good correlation, indicating 
grain growth to play a major role in giving 
HAZ transition temperatures above nor
mal ambient for 12%Cr martensitic/fer
ritic alloys. 

The influence of martensite is less clear-
cut, as indicated by Fig. 13, derived from 
the present tests and Thomas's results on 
samples heated to above 1300°C, and 
thus having suffered grain coarsening (Ref. 
22). Nonetheless, there is a general trend 
for DBTT to be increased at higher mar
tensite contents. Fractographic examina
tion indicated some cleavage facets to 
have originated from martensite colonies, 
and it is likely that the presence of mar
tensite in a predominantly ferritic structure 
facilitates cleavage initiation. Intergranular 
martensite will inhibit transmission of slip 
from one grain to the next, effectively 
raising the ky term in Equation 3 (Ref. 23) 
and acting as an internal stress raiser. 
These effects will depend on the marten
site hardness and yield stress, and it was 
found that martensite in the lower-ferrite-
factor steel displayed the higher hard
ness—Table 8. Thomas (Ref. 22) consid
ered there to be little partitioning of sub
stitutional elements between ferrite and 
austenite during a weld cycle, and the 
martensite hardness will, therefore, reflect 
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the carbon (and nitrogen) contents devel
oped in the austenite phase at high tem
perature. The hardnesses measured sug
gest the carbon levels to be about 0.08% 
and 0.05%C in 1C492 and 1C495, respec
tively (Ref. 26), On this basis, cleavage ini
tiation will be facilitated in low-ferrite-fac-
tor steels both by the increased amount of 
martensite and by its higher hardness. Us
ing multiple regression analysis, the data in 
Figs. 12 and 13 were combined, together 
with base metal DBTT results from Fig. 1 
of - 2 5 ° C and - 4 5 ° C , to give: 

DBTT = 140 + 0.58 (% martensite) 

- 27 d" l / 2 (5) 

This relationship, shown in Fig. 14, illus
trates the dominant effect of ferrite grain 
size rather than martensite in determining 
HAZ cleavage resistance. Since Equation 5 
was derived from a number of different 
heats, it should be of fairly general appli
cation to the present alloy type. At the 
same time, the coefficient of d~ l /2 is 
greater than reported elsewhere (Ref. 25) 
for either low-alloy or higher chromium-
ferritic stainless steels, and the empirical 
basis of Equation 5 must be recognized. 

These comments assume fracture to be 
occurring in a predominantly ferritic ma
trix, and the situation will be different 
when martensite is the major phase. Met
allographic examination showed subsid
iary cleavage to be arrested at martensite 
colonies, and, with increased martensite, 
this effect will augment the total energy 
absorption during fracture. Moreover, fer
rite grain growth will be minimized by the 
increased austenite range at high temper
atures. Thus, improved toughness should 
be obtained at high martensite fractions, 
but clearly the ferrite factor of the steel 
must be reduced sufficiently for marten
site to become the principal phase present 
in HAZs. 

Cleavage was frequently initiated at the 
Ti(C,N) particles inherent in titanium-stabi
lized alloys. From Table 1, the base metals 
1C492 and 1C495 will contain about 0.25 
and 0.21 vol-% carbonitrides, assuming 
complete stoichiometric gettering of the 
carbon and nitrogen. Both materials 
showed a range of particle sizes, up to a 
maximum of about 8-10 /xrr\ (Fig. 5) with 
occasional clustering. Accepting that some 
dissolution will take place in the HAZ, the 
net effect of titanium stabilization should 
be broadly similar in the two steels. Mate
rial 1C495 has the lower Ti(C,N) volume 
fraction, but this will be offset by the ad
verse effect of a higher excess titanium 
content in the matrix (Refs. 27,28). In the 
latter regard, x-ray energy analysis of sim
ulated HAZ metallographic samples indi
cated the ferrite phase in Steels 1C492 and 
1C495 to contain 0.1 and 0.2% titanium in 
solid solution, consistent with the calcu
lated values in Table 1. From work on 
other steels, reduction in particle size 

zu 

00 

80 

60 

40 

20 

0 

20 

40 

sn 

l l 

-

-

i 

• 

: 

i 

i 

• 

< 
• 

• 

i 

i 

• 

i 

i 

• 

i 

i 

• 

i 

i 

-

-

-

-

-

• 

i 

40 5C 80 100 120 140 160 

27d 2-0.58 (% martensite) 

Fig. 14-Effect of 
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steels. 

could well lead to a significant depression 
of the DBTT (Refs. 29, 30), but this will be 
difficult to achieve in normal steel pro
cessing. In principle, an overall decrease in 
titanium content and hence in the Ti(C,N) 
volume fraction would seem advisable; 
however, this measure would require 
careful consideration of the effects of in
terstitial carbon and nitrogen on HAZ (and 
base metal) toughness, and also of weld
ment corrosion resistance. 

Implications 

The main recommendation in welding 
duplex martensitic/ferritic steels must be 
that arc energy for all weld passes should 
be minimized to restrict HAZ grain growth 
as far as possible. At the same time, even 
with such control, HAZ transition temper
atures are likely to remain above normal 
ambient. Figure 12 indicates that a peak 
ferrite grain size of approximately 40 pm 
is needed for the DBTT to be about 20°C, 
and none of the present weld or simulated 
samples cycled to 1350°C gave such a 
grain size. Indeed, application of Equation 
2 shows that achievement of a grain size 
of this order will require very low arc en
ergy, typically 0.1 to 0.2 k)/mm (2.5 
k)/in.), which will seldom be of industrial 
application. Thus, while reduction in arc 
energy is advisable, in practice, latitude 
will exist and, provided that the steels 
tested can be taken as typical, there is 
likely to be little significant difference in 
HAZ behavior over an arc energy range of 
say 0.5 to 2.0 k j /mm (13 to 50 kj/in.) for 
the present 12 mm (0.5 in.) thickness. This 
is further the case in that reduced arc en
ergy will be of benefit only on heats of 
steel displaying appreciable HAZ grain size 
variation, probably from the present work, 
those of higher ferrite factor —Fig. 7. 

Similarly, it would not seem that reheat
ing in multipass welding markedly affects 
HAZ toughness. For practical purposes, 
the peak ferrite grain size and the marten
site content in most of the HAZ are deter
mined by the initial thermal cycle, and 
apart from some recovery and possibly 
carbonitride precipitation, reheating for 
the fairly short times involved in welding 
will have only a localized effect. 

The DBTTs in Tables 4 and 5 are some
what higher than reported elsewhere (Ref. 
9), presumably due in part to the present 
use of full-size rather than three-quarter-
size Charpy samples (Ref. 31), and also 
possibly to greater crack growth through 
the austenitic weld metal in the earlier 
work. Whatever the reasons, when 
viewed overall, it is now clear that alloys 
of the present type, which transform to 
give a substantially ferritic HAZ, must be 
expected to display fairly high HAZ DBTTs. 
Since improvement via control of ferrite 
grain size by restricting welding conditions 
is unlikely to be generally practicable, at
tention could be given to modifying the 
base composition to obtain enhanced 
HAZ toughness. Various approaches can 
be suggested. First, the beneficial effect of 
nickel additions in improving cleavage re
sistance of fully ferritic stainless steels has 
been well demonstrated (Refs. 28, 32), a 
minimum of about 2-4% being required 
to achieve significant gain. Second, the al
loy element balance could be modified to 
promote higher martensite contents, and 
in this regard, nickel addition to a 12%Cr 
steel will certainly expand the austenite 
range and increase martensite formation. 
Abo, et al. (Ref. 3), advised a maximum 
martensite content of 40% to avoid hy
drogen cracking in welds made without 
preheat. However, these workers em
ployed nominally matching composition 
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consumables. Normal practice uses auste
nitic filler metals when the risk of HAZ hy
drogen cracking, even with fully marten
sitic base metal, is greatly reduced, as 
shown by Yoshioka, et al. (Ref. 1), and 
Eckenrod and Kovach (Ref. 4). At least for 
current thickness ranges, the viability of 
highly martensitic compositions is likely to 
depend on production rather than weld
ability considerations, particularly with re
gard to the reliability with which adequate 
tempering can be carried out (Ref. 8). 
Third, attention should be paid to the sta
bilization practice, with study of either al
ternative stabilizing elements or reduction 
in the titanium content. Control of ferrite 
coarsening may be possible via second-
phase particle grain boundary pinning, but 
this will be difficult to achieve reliably, 
bearing in mind the high-temperature 
range over which growth occurs. Cer
tainly design of earlier martensitic/ferritic 
steels to give pinning by Nb(C,N) particles 
was not notably successful in restricting 
HAZ grain growth (Ref. 33). 

Finally, consideration must be given to 
the practical import of the HAZ toughness 
data generated. From the transition tem
peratures recorded, materials of the 
present type cannot be recommended 
for use in critical, pressure-containing ap
plications. Nevertheless, these steels have 
been employed for a number of years in 
a range of welded fabrications with few if 
any reported instances of brittle fracture. 
This generally satisfactory behavior prob
ably results from a number of factors. First, 
the potential loss of toughness at welds is 
well recognized, and most applications 
have used steel of below 10-mm (0.4-in.) 
thickness and commonly less than 6.5 mm 
(0.25 in.). The reduced through thickness 
constraint effectively lowers the DBTT 
(Ref. 31). Moreover, normal weld prepa
rations will not result in a planar through 
thickness HAZ, so that crack extension 
from the potentially brittle high-tempera
ture region may well be arrested in the 
low-temperature HAZ or base metal, or in 
the very much tougher and more ductile 
austenitic weld deposit. In this regard, 
cracking during welding does not repre
sent a major problem with these steels, 
neither hydrogen nor solidification crack
ing being likely, although operator/pro
cess defects such as slag entrapment or 
incomplete fusion must be recognized. 
Thus, the observed high HAZ DBTTs can
not be regarded as necessarily indicating 
12%Cr martensitic/ferritic steels to be 
only of very limited application. They re
main viable for low-stress duties, where 
their particular corrosion- and abrasion-
resistant properties are of advantage. 

Summary and Conclusions 

The effect was investigated of varying 
welding conditions on the heat-affected 
zone (HAZ) structure and toughness of 

duplex 12%Cr martensitic/fe'ritic steels. 
Two steels with different ferrite factors 
were obtained in 12-mm (0.5-in.) thick
ness and welded by the shielded metal arc 
process. In addition, simulated HAZ sam
ples were produced. Attention was paid 
to the arc energy used and to the role of 
reheating. Charpy impact toughness tests 
were carried out on actual and simulated 
high-temperature HAZs, together with 
metallographic and fractographic exami
nation. The following conclusions were 
reached: 

1) Increasing arc energy over the range 
of 0.5 to 2.0 kj /mm (13 tc 50 kj/in.) 
caused some increase in ferrite grain size, 
the effect being more pronounced in 
higher ferrite factor steel. Reheating pro
moted further grain growth, but only in 
regions heated close to the solidus tem
perature. 

2) The martensite content in the coarse
grained HAZ was determinec mainly by 
the steel composition and the initial high-
temperature thermal cycle. Reheating into 
the austenite range slightly increased the 
final martensite level in the ow-ferrite-
factor steel, but preheating to retard cool
ing had neglible effect. 

3) HAZ toughness was dependent 
mainly on the peak ferrite gra n size pro
duced by welding. Hence, low arc energy 
is recommended for optimum HAZ tough
ness, but in all cases examined, the ductile-
brittle transition was above room temper
ature. 

4) For the steels studied in which ferrite 
was the major HAZ phase, increasing 
martensite had a slightly detrimental effect 
on toughness. However, it is expected 
that higher toughness would be obtained 
in steels giving predominantly martensitic 
HAZs. 
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