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ABSTRACT. The effects of repair 
welding on tensile strength and fracture 
toughness of aged weldments of 18 Ni 
250-grade maraging steel have been 
studied. It has been established that 
aged weldments in the steel can be 
repaired and approximately 95% of the 
tensile strength of the in i t ia l welds 
could be achieved by postrepair aging 
t rea tment . A lso , the repairs had 
pract ical ly no effect on the fracture 
toughness (KiC) of the weldment. These 
results have been discussed in terms of 
m ic ros t ruc tu ra l cond i t i ons in the 
various affected and unaffected zones 
of the in i t ia l w e l d . One impor tan t 
in ference that emerges f rom the 
mechanical properties-microstructural 
correlation in the study is that K!C of the 
w e l d is i ndependen t of the gross 
microstructural features of dendrit ic 
size and shapes in the ranges observed 
in this study. It has, however, been 
cautioned that the above statement is 
not va l id in cases in w h i c h heavy 
segregat ion occurs a long the 
interdendritic boundaries resulting in 
heavily banded microstructure. This 
can result from faulty weld parameters 
such as excessive heat input. A second 
ag ing to recover the mechan ica l 
properties of the repaired zone has 
additional beneficial effects on tensile 
strengths and helps in ma in ta in ing 
fracture toughness to the original level 
of the initial weld. 

Introduction 

The design of pressure vessels made 
out of ultrahigh-strength alloys such as 
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maraging steels is primarily guided by 
fracture toughness considerations. This 
implies that the structures should not 
contain flaws larger than the size per
missible on the basis of maximum op
erating pressure and minimum achiev
able plane strain fracture toughness 
(K!C). In a 2800-mm-diameter pressure 
vessel, fabricated from 7.8-mm-thick 18 
Ni 250 maraging steel plate by roll bend
ing and gas tungsten arc welding 
(CTAW), an unacceptable linear defect 
of approximately 7 mm in size was de
tected on the long weld joint during the 
final stage of ultrasonic inspection. The 
welded structure at that stage had been 
aged and was ready for a pressure test. 
The detection of unacceptable flaws, 
however, demanded that the defect be 
repaired before final acceptance for use. 

Maraging steels are readily weldable 
alloys with an achievable weld effi
ciency of 95 to 1 00% fol lowing a sim
ple postweld aging treatment at 753 K 
(Ref. 1). Microstructurally, the welded 
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structure consists of four distinct zones: 
a dendritic structure in the solidified 
weld pool ; a coarse grain region adja
cent to the fusion zone; a light etching 
heat-affected zone (HAZ-I); and an outer 
dark etching HAZ-II (Ref. 1). Although 
a number of excellent works on the 
welding of these steels have been re
ported (Refs. 2-4), data on the influence 
of repairing the weldments in aged con
dition are not available. The need for a 
clear understanding of the changes that 
occur due to repair emerges from the 
fact that the addit ional heat input and 
thermal cycling involved during mult i
pass repair welding may extend the ini
tial heat-affected zones and even change 
their microconstituents. Some regions 
of the initial weld, adjacent to the re
paired areas, would also experience 
wide thermal fluctuations resulting in 
the change in local microstructures. Fur
thermore, while aging the repaired weld 
to regain its mechanical properties, the 
nonwelded areas, a major portion of the 
pressure vessel, would also be subjected 
to additional aging. Considering the 
complex microstructures of weldments 
repaired in the aged condi t ion, it was 
felt it was essential to undertake a de
tailed study to establish the effects of re
pair weld ing on microstructures and 
mechanical properties (including K|C) 
on plates welded under conditions iden
tical to the pressure vessel. This paper 
presents the experimental findings on 
the effects of repair welding on the aged 
weldments wi th respect to tensile and 
fracture properties. The microstructural 
changes occurring due to repair have 
been described elsewhere (Ref. 5). 
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Table 1 -

Material 

Plate 
Filler 
wire 

Chemical Composition of Plates and Filler Wire 

C 

0.005 
0.006 

S&P 

0.005 
0.005 

Si 

18.50 
18.14 

Co 

7.50 
11.85 

Elements, 

Mo 

4.80 
2.54 

Wt-% 

Ti 

0.45 
0.16 

Al 

0.10 
0.46 

o2 

0.003 
0.002 

N2 

0.003 
0.002 

PL 

0.0002 
0.0002 

Materials and Experimental 
Procedures 

Materials 

Maraging steel plates 900 X 150 X 7.8 
mm were welded together to form 
coupons 900 X 300 X 7.8 mm in size. 
The chemical composition of the plates 
(henceforth referred to as base metal), 
which were cut from a single large-size 
plate, is given in Table 1, and its me
chanical properties in the aged condi
tion in Table 2. 

The coupons for carrying out repair 
studies were initially welded by manual 
GTAW using filler wire whose nominal 
composit ion is given in Table 1. The 
fi l ler material, which significantly dif
fered in alloy content from the base 
metal, was optimized to achieve a high 
weld efficiency (90-95%) on both ten
sile and fracture properties. It is known 
(Ref. 3) that Mo and Ti have a greater 
tendency for segregation during weld 
pool solidification. This causes local en
richment of N i , resulting in the forma
tion of fi lm of retained austenite on the 
interdendritic boundaries. Higher Ti 
content also leads to the formation of 
embrittling phase TiC/Ti(CN). These two 
factors seriously impair the fracture 
properties of weldments (Ref. 1). Be
cause of these considerations, Mo and 
Ti were reduced in the filler metal. How

ever, since these two elements are the 
principal precipitation hardeners in 
maraging steels, from the point of view 
of strength, reduction of these elements 
is detrimental. This deficiency was bal
anced by an increase in the Al and Co 
content. While Al increases the strength 
through the precipitation mechanism, 
Co is a strong solid solution hardener 
(Ref. 6). Additionally, Co also raises both 
Ms and As temperatures in maraging 
steels (Ref. 6) and helps in complete 
transformation of the weld pool to 
martensite on cool ing. The salient pa
rameters that were used during the ini
tial and repair welds are listed in Table 
3. Samples for evaluation of the me
chanical properties of the initial weld 
were cut from the starting end of one 
coupon and the finish end of the other. 
The tensile and fracture toughness sam
ples were aged at 753 K for 180 min 
along with the welded coupons. The me
chanical properties of the init ial weld 
are summarized in Table 2. The typical 
microstructure of the initial weld is dis
played in Fig. 1. Two coupons aged 
along with the tensile and fracture tough
ness specimens served as the starting 
material for further repair studies. 

Repair Welding 

Starting coupons after end cuttings 
were made to 600 mm in length. In one 

Table 2 — Mechanical Properties of Maraging Steel Base Metal and Initial Weld in Aged 
Condition 

Material 
Condition 

Base metal 
Initial weld 
(starting end) 
Initial weld 
(finishing end) 

A — Middle of the gauge 

UTS 
MPa 

1788-1799 
1670-1700 

1675-1712 

length, B-HAZ-II 

Tensile Propert 

0.2% Y.S. 
MPa 

1735-1748 
1625-1670 

1629-1664 

Table 3 — Manual CTA Weld Parameters with 1.6-mm-

Run No. 

1 
2 & 3 

4 

Current 
Amps 

220 ± 5 
210 ± 5 
230 ± 5 

Volts 

10-11 
11-12 

12.5-13.5 

ies 

%EI 

9.5-10.8 
6.0- 6.4 

6.5-7.0 

Failure 
Zone 

A 
B 

B 

•Diameter Filler Wire 

Travel Speed 
mm/min. 

78-82 
105-110 
95-100 

Fracture 
Toughness 

Kic 
MPa v 'm 

94.3-95.0 
2.0-87.5 

80.5-86.5 

Wirefeed 
Rate mm/min 

620 ± 10 
630 ± 10 
100 ± 10 

welded coupon, four areas, designated 
a s C ^ , C,R2 . . . C,R4, of 100 mm each 
in length were marked for repairs. The 
gap between each repair was intention
ally kept to a min imum of 50 mm to 
study the influence of thermal fluctua
tion due to repair on the init ial weld 
properties. These areas were identified 
as Ti^Ri,, T, R2 . . . etc. The total repair 
and test schemes that fo l lowed are 
shown in Fig. 2. In the other coupon, 
only one repair was carried out in the 
center of the plate (identified as C2Ri) 
and the rest of the material was left un
affected to evaluate the effects of an ad
dit ional 180 min of aging (hereafter 
termed as double aging ) on the nonre
paired weldments. The 50-mm areas ad
jacent to the repair in the second coupon 
were designated as T2Rj and the unaf
fected region beyond 50 mm of repair 
as IW. The areas identified for repair and 
testing in this coupon are presented in 
Fig. 3. It can be easily seen that the sec
ond coupon, in addit ion to giving the 
effects of double aging on the initial 
weld, also served as a repeatability test 
for observations made on the first 
coupon with respect to the repaired weld 
and its adjacent areas. As evident from 
Figs. 2 and 3, the specimens taken from 
each region were identified by TT for 
tensile test and FT for K|C test. Numeri
c a l after TT and FT indicate the num
ber of specimens taken in that region. 

The regions selected for repair were 
gouged by grinding to make a groove of 
a depth of 6 mm. The groove configura
tion that was made for further fill ing dur
ing repair welding is shown in Fig. 4. 
These grooves were filled using the weld 
parameters adopted for the initial weld
ing (Table 3) in four passes. 

. %>. 

" r !>, 

Fig. I — Typical dendritic structure of an ini
tial weld. 
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Microstructural Analysis 

A detailed microstructural analysis of 
the various zones that emerged after re
pair welding was carried out fol lowing 
optical microscopy. The x-ray diffrac
tion technique was used for quantitative 
analysis of reverted austenite in the re
gion of the HAZ having lower micro
hardness and not responding to the 
etchant used for delineating microstruc
tures of the other regions. 

Mechanical Properties Evaluation 

Samples for tensile and fracture 
toughness evaluation of the weldments 
and HAZs were parted as per the plan 
displayed in Figs. 2 and 3. Before final 
machining to the sample geometry as 
per ASTM specification (A-370 for ten
sile and E-399 for K!C), various mi
crostructural zones were delineated by 
etching wi th 5% Nital so that samples 

could contain the zones to be evaluated. 
Figure 5 shows typical locations and ge
ometry for the samples for the estima
tion of tensile and fracture properties of 
various zones. Fracture toughness sam
ples were 7.5 mm thick (B) and had a 
width (W) of 15.0 mm — Fig. 5. All other 
dimensions were in geometrical propor
tion to the sample sizes given in ASTM 
E-399. All of these samples were subse
quently aged fo l lowing the standard 
treatment of 753 K for 1 80 min. Thus, 
the areas identified as T ^ . . . T-|R4, 
T2Rj and IW experienced double aging 
(additional aging of 180 min at 753 K 
because of aging of the repaired weld 
along with these zones). 

Results and Discussions 

The microstructural aspects of 
changes occurring due to repair weld
ing have been reported separately (Ref. 
5) and shall be referred to here only to 

explain the observations on mechanical 
properties. For the sake of convenience, 
the newly modified microstructural dia
gram for repair welds constructed dur
ing the investigation and discussed in 
Ref. 5 is also presented in Fig. 6. The 
typical microstructure of a repaired 
weldment and its adjacent area on the 
initial weld are given in Figs. 7 and 8. 
Comparison of the micrographs in Figs. 
1 and 7 and an analysis of Fig. 6 show 
that the microstructural features of the 
initial weld changed considerably after 
repair welding. Significant observations 
included the presence of two dark etch
ing regions and a nonetching region hav
ing reverted austenite as high as 1 2 to 
13% (Ref. 5). These microstructural 
changes have been explained on the 
basis of an increased amount of thermal 
cycl ing in Fe-rich zones of an Fe-Ni 
phase diagram favoring diffusion-con
trolled decomposition of martensite (a) 
as per the following reaction (Refs. 1, 5) 

TT ^ 

TT-1 

TT-2 

TT 

TT-1 

TT-2 

TT 

TT-1 

TT-2 

TT 

TT-1 

TT-2 

FT.1 

FT.2 

FT 

FT-1 

FT-2 

FT 

FT.1 

FT-2 

FT 

FT-1 

FT-2 

FT 

T|R1 

qRl 

T1R1 

T,R 2 

C,R2 

J1R2 
1*1 R3 

qR3 

"Ti R3 

Ji RA 

C1R4 

Fig. 2 — Schematic diagram showing repair 
and test plans for Coupon 1. 

r> 

TT-1 
y~^ 

TT-2 

TT-3 

TT-1 
.^N 

TT-2 

TT ^ 

'y~s 

TT-4 

TT-5 

TT-6 

y-\ 

• r ~ > 

FT-1 

FT-2 

FT-3 

FT 

FT-1 

FT-2 

FT-4 

FT-5 

FT-6 

IW 

T2R1 

C 2 R 1 

T2RI 

IW 

Fig. 3 — Schematic diagram showing repair 
and test plans for Coupon 2. 

a -» + a'Y (1) 

where a' is the alloy-depleted marten
site (light etching region HAZ-I) and y , 
the alloy-rich stable austenite that does 
not transform to martensite during sub
sequent cooling. 

The tensile strength and K|C of the re
paired areas marked in Figs. 2 and 3 are 
presented in Table 4. lt is seen that the 
repaired welds have tensile properties 
such as UTS 1 590-1640 MPa, Y.S. 1 535 
-1 590 MPa and K,c 80.0-87.5 MPa Vm. 
Comparison of these data with the ini
tial weld properties (Table 2) revealed 
that on repairing there is a reduction in 
weld strength of 4 - 6 % but its K|C re
mained in the same range. Significantly, 
like the init ial weld characterization, 
failure of tensile specimens during test
ing even in this case was away from the 
fusion zone and in the region of the HAZ 
containing 12-13% reverted austenite. 
It has been amply reported that the re
verted austenite in maraging steels does 
not respond to age hardening (Refs. 3, 
7). This was also confirmed by the mi
crohardness traverse data in aged con
dit ion shown in Fig. 9. In the case of 
samples taken from the regions T j R ^ 
T T R 2 . . . T2R, (Figs. 2, 3), although the 
tensile specimens failed only in the HAZ, 
the tensile strengths were found to be 
UTS 1720-1.775 MPa and Y.S. 
1660-1690 MPa (Table 5), indicating 
even higher strength than the initial weld 
(UTS 1670-1712 MPa and Y.S. 
1625-1 670 MPa). To understand this be
havior, a careful analysis of thermal con
ditions introduced by repair and result
ing microstructure is necessary. As evi
denced by Fig. 8, the dendritic structure 
of the unscooped initial weld was modi
fied to equiaxed coarse grain, which on 
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Fig. 4 — Groove geometry for repair welding. 

Fig. 5 — Location and profile of tensile and fracture toughness (Kjc) 
specimens. 

cooling transformed to typical massive 
martensitic structure. It is well known 
that in multipass welding, succeeding 
weld passes raise the temperature of the 
preceding layer beyond the melting 
point and significantly modify the pre
viously formed dendritic structure. Dur
ing repair, the unscooped portion of the 
initial weld also experiences heat flux 
similar to that of the preceding layer in 

a multipass weld. However, since the 
failure of tensile samples from T jR j , 
T1.R2 • • • T2Ri, regions (Figs. 2, 3) also 
occurred in the HAZ-II similar to the ini
tially welded samples (Tables 2, 4), the 
increase in tensile strength of these areas 
after repair could not be attributed to the 
above-mentioned microstructural mod
ification in the unscooped area. As there 
is no other mechanism except for the 

[INITIAL MCR05T0CTURAL CONDITIONS QF WELD, 

FUSION ZONE _ 

LIGHT ETCHED H A Z - I 

DARK ETCHED HAZ - E 

REPAIRED WELDED POOL 

UN-SCOOPED INITIAL WELD 

LIGHT TO UN-ETCHED REGION 

PARENT METAL 

INITIAL WELD POOL 

MODIFIEDBY/SUBSEQUENT PASSES 

SECOND DARK ETCHED REGION 

FIRST OARK ETCHED REGION 

POST REPAIR WELDED HIEROSTRUCTURAL C0NDI0NS 

Fig. 7— Repair weld microstructure show
ing equiaxed grains with uniformally dis
tributed austenitic pools on the boundaries. 
(Location A in Fig. 6.) 

Fig. 8 — Typical microstructure of the initial 
weld adjacent to the repair pool showing ser
rated martensitic lath within recrystallized 
prior austenitic grains. (Location B in Fig 6.) 

Fig. 6 — Schematic view of various zones where salient changes in microstructure are ob
served on repair welding. 
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additional aging treatment employed for 
the repair weld to improve the tensile 
strength of the heat-affected zones, the 
cause for the improvement in the 
strength has been assigned to the sec
ond aging treatment that follows repair. 
It is well established in maraging steels 
that 180 min is the optimum aging time 
at 753 K. However, the tensile proper
ties continue to increase slowly even be
yond 600 min (Ref. 8). Although no 
transmission electron microscopy (TEM) 
was carried out to study the influence of 
double aging on the size, shape and dis
tr ibution of precipitates, based on the 
data available on the effects of pro
longed aging (Refs. 8, 9), it was not dif
ficult to associate the marginal increase 
in tensile strength to the additional 1 80 
min of aging experienced by these re
gions. A similar trend is also seen in the 
areas away from the repair zone located 
in Fig. 3 for establishing the effect of 
double aging on weldments (Table 6). 

The influence of the repair weld on 
the fracture toughness of different zones 
as planned in Figs. 2 and 3 is also delin
eated through Tables 4 and 5. Estima
tion of K|C of HAZ regions was inten
tionally ignored as it is known that their 
toughness is high compared to weld
ments because of the presence of re
verted austenite (Ref. 10). The measured 
K|C of the repaired weld as seen from 
Table 4 lies in the range of 82.0-87.5 
MPaVm, which matches wel l with the 
initial weld toughness. Microstruc
turally, the repaired weldments con
tained almost equiaxed grains with uni
formly distributed austenitic pools (Fig. 
7). It appears that the small repaired 
weld pool was heavily constrained and 
also, the heat extraction by the sur
rounding materials was quite effective. 
The combined effects of these factors 
were responsible for the good mi
crostructural condition achieved. How
ever, this improvement in grain struc
ture did not result in similar improve
ments in toughness, which remained in 
the range of 80.0-87.5 MPaVm (Table 
5). This observation leads to an impor
tant inference that merely modifying the 
dendrit ic structure in maraging steel 
weldment does not improve its tough
ness. The reason that K|C does not show 
this gross microstructural dependence 
could be directly correlated to the ob
servations on grain size independence 
of K|C in wrought maraging steels. It has 
been reported (Ref. 11) that K|C does not 
depend on grain size because the plas
tic zone size at the tip of the crack is 
smaller than the grain size. The above 
inference, however, does not apply to 
high-heat-input welding conditions re
sulting in the reduction in toughness due 
to the formation of banded structures 
through segregation of alloying elements 

Table 4— Mechanical Properties of Repaired Weld in Aged Condition 

Tensile Properties Fracture Toughness 

Zone 

C i R , 

C,R 2 

C, R3 

CJ R4 

C 2 Rj 

Specimen 
identifi
cation 

TT-1 
TT-2 

TT-1 
TT-2 
TT-1 
TT-2 
TT-1 
TT-2 
TT-1 
TT-2 

UTS 
MPa 

1590 
1632 

1595 
1636 
1623 

a 

1620 
1640 
1630 
1609 

0.2% Y.S. MPa 

1535 
1579 

1558 
1572 
1558 

— 
1580 
1587 
1575 
1535 

% El 

8.8 
6.0 

7.4 
8.0 
8.0 

— 
9.2 
8.8 
5.9 
4.6 

Failure 
zone 

AM 

A 

A 

A 

A 

Specimen 
identifi
cation 

FT-1 
FT-2 

FT-1 
FT-2 
FT-1 
FT-2 
FT-1 
FT-2 
FT-1 
FT-2 

Kic 
MPaVm 

85.4 
82.4 

— 
82.7 
79.9 
84.9 
87.5 

— 
86.9 
87.6 

(a) Test invalid/failure. 
(b) Nonetching region of HAZ containing 12-13% reverted austenite. 

600 [T 

300 

?50 

ETCHED 
REGION 

SECOND 
DARK 
ETCHED 
REGION 

PARENT 
METAL 

0.0 2.0 4.0 6.0 8.0 10.0 12.0 K O 16.0 18.0 20.0 
DISTANCE IN nn 

Fig. 9 — Microhardness traverse in aged condition after repair weld /along XY line in Fig. 6). 

Table 5 — Mechanical Properties of the Areas Adjacent to Repair Weld in Double Aged 
Condition 

Zone 

T , R j 
T, R2 

T1R3 
TjR., 
T2 R, 

Test 

Specimen 
identifi
cation 

TT 
TT 
TT 
TT 
TT 

nvalid A - H A Z -

UTS 
MPa 

1730 
1732 
1737 
1770 
1720 

Tensile 

0.2 

of the initial welc 

Properties 

% Y.S. MPa 

1666 
1660 
1684 
1690 
1662 

% El 

6.8 
6.8 
6.8 
7.4 
5.0 

Failure 
zone 

A 
A 
A 
A 
A 

Fracture Toughness 

Specimen 
identifi
cation 

FT 
IT 
FT 
FT 
FT 

Kic 
MPaVm 

81.9 
80.0 

— 
80.9 
82.5 

during solidification (Ref. 12). The influ
ence of double aging on the toughness 
of the initial weld is presented in Table 
6. It is seen that the samples taken from 
region IW (Fig. 3) show K,c in the upper 
range of 82.0-88.0 M P a w i even with a 
marginal increase in tensile strength. 
Considering the inverse relation be

tween tensile strength and fracture 
toughness, it can be inferred that the ad
ditional 1 80 min of aging favors the im
provement in fracture toughness. This is 
in confirmity with observations made by 
Carter (Ref. 1 3) that in maraging steels 
the best toughness is obtained in the 
peak aged condition. 
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Table 6 — Mechanical Properties of the Area Away from Repaired Weld in Double Aged 
Condition 

Tensile Properties Fracture Toughness 

Specimen 
identifi-

Zone cation 

TT-1 
TT-2 
TT-3 

IW TT-4 
TT-5 
TT-6 

A-HAZ-II of the initial weld. 

Conclusions 

UTS 
MPa 

1729 
1731 
1725 
1729 
1726 
1728 

0.2% Y.S. MPa 

1645 
1644 
1639 
1675 
1676 
1674 

% El 

5.8 
6.0 
6.0 
6.0 
4.6 
6.2 

ranges 

Failure 
zone 

A 
A 
A 
A 
A 
A 

obse rved 

Specimen 
identifi
cation 

FT-1 
FT-2 
FT-3 
FT-4 
FT-5 
FT-6 

in the studN 

Kic 
MPay'm 

86.2 
84.6 
85.9 
82.2 
88.0 
87.0 

i. The be-

1) O n repa i r i ng aged marag ing steel 
w e l d m e n t s , the re is a loss in tens i le 
strength by 5 - 6 % w h e n compared to the 
ini t ia l w e l d strength due to the presence 
o f reverted austenite in the n e w l y fo rmed 
H A Z . 

2) Fracture toughness o f the repaired 
p o o l , as w e l l as its ad jacent in i t ia l w e l d 
areas, remain in the range of 8 0 . 0 - 8 7 . 5 
M P a V m , w h i c h ma tches w e l l w i t h the 
in i t ia l w e l d toughness. 

3) There is cons iderab le mod i f i ca t i on 
in the dendr i t i c structure of the repaired 
zone compared to the in i t ia l w e l d . H o w 
ever, these mod i f i ca t ions we re f ound to 
be inconsequent ia l to the toughness, in 
d i c a t i n g tha t f rac tu re toughness o f 
marag ing steel w e l d m e n t s does not de
p e n d on the gross m i c r o s t r u c t u r a l fea 
tures l ike dendr i t i c size and shape in the 

hav ior is ana logous to the gra in size i n 
d e p e n d e n c e o f m e c h a n i c a l p roper t i es 
observed in w r o u g h t marag ing steel. 

4) A n add i t i ona l 1 80 m i n o f ag ing of 
the i n i t i a l w e l d has been f o u n d to be 
benef i c ia l for tensi le s t rength. This also 
helps in ma in ta in ing the f racture t ough 
ness at the or ig ina l level . 
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