
Fracture Toughness of the Heat-Affected Zone in 
14CrMoV69 Steel and 18Ni Maraging Steel 

Fracture toughness is related to different microstructures in the 
heat-affected zone and, for 14CrMoV69 steel, the K\c is the highest 
in the weld fusion zone but for 18Ni maraging steel is highest in the 
heat-affected zone 

BY B.-Z. W E I S S , H. D. S T E F F E N S A N D K. S E I F E R T 

ABSTRACT. The influence of the 
welding process on the fracture 
toughness of the heat-affected zone 
was studied in 14CrMoV69 steel and 
18Ni maraging steel. To obtain a 
wide heat-affected zone parallel w i th 
the fusion line, a special welding 
geometry and high energy input was 
applied. The wide heat-affected zone 
permitted direct correlation between 
the different microstructure in it and 
the fracture toughness measure
ments, if the initial crack was pro
duced at the point of interest. 

In 14CrMoV69 steel the microhard
ness in the heat-affected zone changes 
continuously f rom its highest value 
near the edge of the fusion zone to 
the lowest value near the base metal 
— a result of the microstructure ob
tained by various cooling rates. 

In 18Ni maraging steel a definite 
minimum in the microhardness was 
observed in the heat-affected zone at 
a distance of 1 mm from the fusion 
line. The appearance of t h i s 
minimum was attributed to the 
formation of stabilized austenite 
caused by some partit ioning of the 
alloying elements between the a and 
yphases. 

The fracture toughness measure
ments were performed at three dis
tances from the edge of the fusion 
zone in the 14CrMoV69 steel and at 
two distances in the maraging steel. 
In the first, the highest K c values 
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were obtained in the weld fusion 
zone, the lowest in the base metal. 
But the approximate values of K|c , 
calculated by means of Irwin's 
relationship, show almost the same 
values for the base metal and the 
heat-affected zone, and higher values 
for the weld fusion zone. 

In the maraging steel the highest 
K|c values were found in the heat-af
fected zone at a distance of 0.8 mm 
from the fusion line. A t 1.6 mm from 
the fusion line and in the base metal 
the K|C values were almost the 
same. The lowest K|c values were 
found in the weld fusion zone. 

The fractographic investigations 
showed that essentially the unstable 
fracture in both steels occurs by the 
wel l -known mechanism of microvoid 
formation and coalescence. 

In t roduct ion 
One of the aims of the technology 

of welding is to develop welding pro
cesses that wi l l permit the achieve
ment of welds in which the base 
metal, the melted zone, and the heat-
affected zone, wi l l have the same 
properties, particularly where the 
mechanical behavior of the struc
ture is concerned. 

Because of the t ime-temperature 
history, which varies wi th the dis
tance from the weld fusion zone 
(where the peak temperature is 
reached), the weld is surrounded by 
an unmelted heat-affected zone. In 
this zone drast ic he te rogene 
ous—point to point—changes in the 
microstructure may be observed. 
Their character depends on many 
factors such as weldment geometry, 
plate thickness, preheat tempera

tures, and heat-energy input. Addi
tional to the structural changes de
pendent on the geometrical and 
energetical factors in the heat-af
fected zone, high strains caused by 
the temperature gradients and rapid 
thermal cycles result in high residual 
stresses. 

In some cases hydrogen diffusion 
from the weld metal takes place, 
causing the appearance of small 
cracks. The use of properly baked 
and stored low-hydrogen electrodes 
and of the low-hydrogen welding 
processes wi l l reduce the statistical 
incidence of cracking in the heat-af
fected zone. However, it is not yet 
clear what level of hydrogen can be 
accepted in the highly strained zone 
without causing any cracking. The 
problem is of particular importance 
in welded joints working at low 
temperatures under shock conditions 
or under high-strain fatigue loading. 
The microcracks, wh ich are notori
ously hard to detect by existing tech
niques, may grow to critical size in 
service, causing catastrophic failure 
of the welded structure.1 Al l these 
features produced by welding wi l l 
develop inferior mechanical proper
ties in the heat-affected zone as com
pared w i th those of the unwelded 
base metal. For this reason it is not 
surprising that many research pro
grams are aimed at clarifying the fac
tors which influence the formation 
of the heat-affected zone and their 
effect on the mechanical behavior 
of a welded joint. 

This paper evaluates the influence 
of the welding process on the frac
ture toughness of the heat-affected 
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Table 1 —Chemical Composition of the Base metals and Filler Metals, Wt-% 

Material 
14CrMoV69 
Tenacito 100 
1 8Ni maraging 

steel 
1 8Ni maraging 

steel 

C 

0.14 
0.06 
0.006 

0.006 

Si 

0.30 
0.35 
0.03 

0.03 

Mn 

1.01 
1.60 
0.01 

0.01 

p 

0.015 
0.003 
0.003 

0.003 

S 

0.012 
0.003 
0.005 

0.005 

Cr 

1.35 
0.65 
— 

— 

Ni 

— 
2.20 

18.20 

18.20 

Mo 

0.91 
0.35 
5.20 

5.20 

V 

0.25 
0.1 

— 

— 

Co 

— 

8.30 

8.30 

Ti 

— 

0.46 

0.46 

Remarks 
Base metal 
Filler metal 
Base metal 

Filler metal 

The filler metal was prepared from the base metal (annealed 1 8Ni maraging steel) by a cold working technique. 

zone in 14CrMoV69 steel and 18Ni 
maraging steel. The results are com
pared w i th the fracture toughness of 
the base material and the weld fu
sion zone. 

Fracture Toughness of 
the Hea t -A f fec ted Zone 

The problem of treating fracture 
instability of a part containing a weld 
is much more complicated than the 
treatment of a similar problem in a 
homogeneous body. This is due to 
the great number of variables that 
have to be considered when the frac
ture mechanics approach is used to 
evaluate the mechanical behavior 
of the material in the vicinity of a 
weld heat-affected zone. 

The primary factors are: 
1. Defect distribution and size, 

defect interaction and defect orienta
t ion w i th respect to the external 
loading. 

2. Variation of mechanical prop
erties in the heat-affected zone as a 
function of point-to-point micro-
structural changes. 

3. Residual stresses which are 
superimposed on the externally ap
plied stress field. 

The combination of these factors 
and their influence on fracture insta
bility cannot be predicted in a strictly 
analytical way, although certain gen
eral phenomena connected w i th 
each of these factors are quite wel l 
known. For instance, the effect of 
residual stresses is most pronounced 
in materials in which yield stress 
and toughness are strain-rate sensi
tive.2 

The mechanical properties of the 
heat-affected zone are usually tested 
on specimens prepared by the syn
thetic technique (simulation).3 This 
permits the reproduction of micro-
structures existing at any point of a 
weld heat-affected zone by utilizing 
the thermal cycles data. The synthe
tic-specimen technique is of great 
advantage in obtaining whole series 
of different microst ructures at 
increasing distances from the fusion 
zone. However, it cannot fully repre
sent a welded joint because of the 
distribution of the defects and residu
al stresses, which differs from that 

in an actual welded joint. It is these 
factors that play an essential part in 
produc ing unstable f rac tu res , 
especially in non-stress-rel ieved 
weld joints. 

It is the opinion of the authors of 
this paper that any fracture tough
ness measurements performed on 
specimens prepared by the synthetic 
technique as suggested by Bechert4 

wil l yield misleading results. Any 
measurements of fracture toughness 
in the heat-affected zone have to be 
done on welded joints, and the re
sults must be compared wi th the 
fracture toughness of both the weld 
fusion zone and the base metal. But 
mapping the fracture toughness as a 
function of location across the heat-
affected zone wi l l be a laborious and 
t ime-consuming process. 

A fracture toughness test w i th a 
sample containing a crack the tip of 
which is located at the point of in
terest would be the best solution to 
the problem. Even so, the results ob
tained are not of an absolute value. 
Changing the sample geometry (viz., 
taking relatively small samples from 
a large welded plate causes a re
distribution in the residual stress 
field in the vicinity of the weld) and 
the welding conditions (geometry of 
welding heat energy input, etc.) may 
affect the fracture toughness values. 

There appears to be no informa
tion in the literature concerning this 
particular point. Canonico5 reported 
that, in maraging steel w i th constant 
weld geometry, the location of the 
fracture depends on the heat input. 
Wi th heat inputs of up to 45 
ki lojoules/ in. (kJ/ in.) the fractures 
were located in the weld metal. Wi th 
heat inputs above 55 k j / i n . the frac
ture occured in the heat-affected 
zone. 

As far as the fracture toughness of 
the heat-affected zone is concerned, 
only few data are available. Kies et 
a/7 reported results of plane strain 
fracture toughness (K| c ) of maraging 
steel for the base metal, the heat-af
fected zone, and the weld fusion 
zone. Samples were prepared paral
lel and perpendicular to the rolling 
direction and welded by different 
techniques (gas tungsten-arc, gas 
metal-arc, short circuiting-arc). The 

results show that the rolling direc
tion has an essential influence on 
the values of K|c and that the frac
ture toughness of the weld fusion 
zone has a lower value than that of 
either the base metal or the heat-af
fected zone. Contrary to the f indings 
of the study by Kies et al, Pellissier7 

reported that the orientation wi th 
respect to the f inal rolling direction 
of the plate did not have a large or 
even a consistent influence on the 
fracture toughness of the maraging 
steel. 

Although the results of Kies et al.6 

are very informative, they are not re
lated to the microstructures in the 
heat-affected zone and the location 
of the initial notch is shown rather 
schematically. 

This paper differs from the results 
presented by Kies and others, in that 
it directly correlates the fracture 
toughness to the different micro-
structures in the heat-affected zone. 

Mater ia ls and Exper imenta l 
Procedure 

The investigation was carried out 
on welded specimens prepared from 
two steels. The chemical composi
tions and the mechanical properties 
of the base metals and the fi l ler 
metals used in this investigation are 
given in Table 1 and 2 respectively. 

The sheets used for sample 
preparation were welded perpen
dicular to the rolling direction. The 
welding geometry in both steels is 
shown in Fig. 1 (double-bevel groove 
welds). 

Samples from 14CrMoV69 steel 
were welded by the manual arc tech
nique; low hydrogen basic type elec
trodes were used. Energy input was 
9.6 kJ / cm (24.5 kJ/ in . ) per layer. 
The total number of layers was 8. 

Samples from maraging steel 
were welded by the gas tungsten-arc 
technique, using electrodes prepared 
from the base metal. The energy 
input was 11.5 kJ / cm ( 29.3 kJ / in . ) 
per layer. The total number of layers 
was 12. 

The special welding geometry as 
well as the high energy input pro
duced a wide, uniform heat-affected 
zone — almost parallel to the fusion 
line — (Fig. 1). The different micro-
structures, w h i c h occur red at 
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BM I HAZ I WFZ 

Fig. 1—Welding geometry used in both steels. 
Three distances from the edge of the weld fusion 
zone (WFZ) (a, b, c) were chosen for heat-affected 
zone (HAZ) fracture toughness investigations in the 
14CrMoV69 steel and two distances (a, b) in the 
18Ni maraging steel. BM = base metal 

material 
RCrMoV69 

18 Ni MARAGING 
STEEL 

m m l m m I m m 

1.0 1.7 2.4 

0.8 1.6 -

increasing distances from the fusion 
line depending on the heating 
temperatures and the cooling rates 
could be easily determined across 
the heat-affected zone by metal-
lographical methods. It was found 
that, at a constant distance from the 
edge of the weld fusion zone, the 
microstructure remained almost un
changed over the length of the heat-
affected zone. This permitted a frac
ture toughness test to be made for a 
chosen microstructure in the heat-af
fected zone by producing an initial 
crack at the point of interest. 

On the basis of metallographic and 
microhardness examinations along 
the weld fusion zone, the heat-af
fected zone, and the base metal, 
three distances f rom the edge of the 
weld fusion were determined in the 
14CrMoV69 steel — namely: 1.0, 
1.7 and 2.4 mm. Two distances — 
0.8 and of 1.6 mm — were de

termined in the maraging steel — 
(Fig. 1). 

The fracture toughness investiga
tions were performed on a single-
edge chevron type notched specimen 
(SEN) as recommended by Srawley 
and Brown8 and shown in Fig. 2. The 
specimens were side-grooved w i th a 
60 deg V-notch (Fig. 2) having a root 
radius of p = 0.25 mm. The depth of 
the side groove was 5% on either 
side (dnVd = 0.9). The side grooving 
had the fol lowing two purposes: 

1. To assure the propagation of 
the fatigue crack during the precrack
ing process along the line (micro-
structure) chosen on the basis of 
metallographic and microhardness 
examinations in the heat-affected 
zone. 

2. To increase the degree of side 
constraint in order to avoid the 
appearance of shear lips (partly slant 
fracture). 

The specimens were loaded at a 
constant strain rate of 1.25 m m / m i n 
until the point of crack instability. 
The fatigue precracking was applied 
in four-point bending w i th the bend
ing moment in the plane of the speci
men. In order to avoid the ap
pearance of a large plastic zone 
ahead of the fatigue crack (blunting) 
in the final stages of precracking, the 
rate of fatigue crack propagation was 
kept approximately 0.01 ) im/cyc le . 

The Paris law of fatigue crack propa
gation9 was applied: 

da_ 
d N " 

da_ 

dN" 

O A K 

rate of crack propagation 

(D 

AK= fatigue 
factor 

stress intensity 

Table 2—Mechanical Properties of the Base Metals and Filler Metals Before Welding—the YP 0 2 of the Heat-Affected Zone 
was Measured on the Welded Specimens 

Material 

14CrMoV69 
Tenacito 100 
18Ni maraging 

steel 

18Ni maraging 
steel 

YPo.2 
k g / m m 2 

90 
86-92 

174 

88 

(a) 
YP o.2 (HAZ) 

k g / m m 2 

88 
88 
125 

125 

Ult imate 
tensi le 

strength, 
k g / m m 2 

105 
92 -98 

180 

99 

Elongation, 

% 
10 

14-18 
6 

11 

Remarks 

Quenched and tempered 
as delivered 
Base metal 

annealed, welded and. 
precipitation hardened(c ! 

Filler metal 
annealed 

(a) HAZ—heat-affected zone. The yield stress (YP0 2) of the HAZ was measured by means of strain gages (1.5 mm effective length). 
Since it is practically impossible to establish accurately the yield stress for each microstructure present in the HAZ, an average 
value of the yield stress is given. 

(b)Before welding the steel was air quenched from 960C, tempered at 650C for 2 hr, furnace cooled to 600C and then air cooled 
to room temperature. 

(c)Annealing temperature 820C, air cooled to room temperature. The precipitation hardening was performed at 480C for 
3 hr. 
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FATIGUE CRACK . CHEVRON NOTCH 

Fig. 2—Single-edge chevron type specimen side grooved with a 60 deg V-notch used for fracture toughness 
investigation 

Q = constant 
n = invariant integer assumed to be 
equal t o ~ 3 

Equation (1) was used for establish
ing proper conditions of fatigue crack 
propagation during precracking in 
the in-plane bending wi th constant 
load amplitude.10 

Results and Discussion 

Microhardness and Metallographic 
Examinations 

Results of microhardness tests in 
the area of the welded joint (which 
includes part of the weld fusion 
zone, the heat-affected zone, and the 
base metal) are shown for both in
vestigated steels in Figs. 3 and 4. 

In the 14CrMoV69 steel the high
est microhardness was found in the 
weld fusion zone. In the heat-af
fected zone a decrease in microhard
ness was observed, and the lowest 
values of microhardness were found 

in the base metal — (Fig. 3). In the 
heat-affected zone the changes in 
microhardness are wi th in the limits 
of 370 DPH (near the edge of the fu
sion zone) to 300 DPH (near the base 
metal). These results show that, 
wi th in the heat-affected zone, which 
is 3.5 mm wide, there exists a 25% 
variation in microhardness. On the 
basis of the microhardness results, 
distances of 1, 1.7 and 2.4 mm from 
the fusion line were chosen as 
points of interest for fracture tough
ness tests. 

At the distance of 1 mm the micro
hardness in the heat-affected zone 
reaches its maximum of 370 DPH, 
and the metallographically observed 
microstructure was found to be a 
coarse self-tempered martensit ic 
matrix wi th retained austenite and 
bainite. 

At the distance of 1.7 mm the 
microhardness was 360 DPH and 
the microstructure was found to be a 
f ine se l f - t empered mar tens i t i c 

matrix wi th retained austenite and 
bainite. 

At the distance of 2.4 mm the 
microhardness was 320 DPH and 
the microstructure a bainitic matrix 
wi th some areas of self-tempered 
martensite and retained austenite. 

The microstructure of the base 
metal was tempered martensite. It 
should be pointed out that, at all dis
tances from the fusion line in the 
heat-affected zone as wel l as in the 
base metal, a homogeneous distribu
tion of small carbides could be ob
served. This was in addition to 
tempered martensite, bainite and re
tained austenite. 

In the maraging steel the highest 
microhardness (500 DPH) was found 
in the base metal. The weld fusion 
zone shows a lower microhardness 
of 420 to 450 DPH, and in the heat-
affected zone microhardness varies 
between 500 and 350 DPH. A def
inite minimum may be observed (Fig. 
4) at approximately 1 mm from the 

DPH 
(0.5 kg) 3) 

400 

350 

300 

?fi0 

WFZ 

< > 

0 0 

< 

I 

o 

> 

8 10 
(mm) 

Fig. 3—Microhardness in the area of the welded joint in 
14CrMoV69 steel 

Fig. 4—Microhardness in the area of the welded joint in 18Ni 
maraging steel 
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Table 3—Results of Fracture Toughness Measurements in 1 4CrMoV69 Steel 

Average 
yield stress. 

k g / m m 2 

90 
88 
88 
88 
86 

Specimen 
thickness. 

mm 

10 
10 
10 
10 
10 

Notch location a 

BM 
HAZ — 2.4 mm 
HAZ — 1.7 mm 
HAZ — 1.0 mm 

WFZ 

Number 
of 

tests 

4 
4 
4 
4 
4 

Average' 
fracture toughness 

Kc , 
k g . m m " 3 / 2 

230 
300 
273 
331 
335 

,/ lc) 
iMc * 

k g . m m - 3 / 2 

183 
178 
176 
180 
204 

(a) BM—base metal; HAZ—heat-affected zone; WFZ—center of weld fusion zone. 
(b) The scattering of fracture toughness values f rom the average was in the range of i 9 % 
maximum. 
lc) K|Cis an approximate value of the plane strain fracture toughness calculated from the 
relationship given by Irwin et a/13 and described in the text. The values of Kic are 
somewhat lower than those predicted by eq(3). This results f rom using the c o e f f i c i e n t ^ 
in the calculation and not^3|c as suggested by I rwin et a/.13 

Fig. 5—Fracture appearance in heat-affected zone of 14CrMoV69 steel at the distance of 
1 mm from the edge of the fusion zone. The unstable fracture started in the heat-affected 
zone and proceeded into the base metal. The fracture is of mixed type — central square 
strip with slant borders (shear lips). 

fusion line. At the two points of inter
est chosen for fracture toughness 
tests — 0.8 and 1.6 mm from the 
fusion line — the microhardness was 
found to be 350 and 400 DPH respec
tively. 

The appearance of a minimum 
microhardness at the distance of 1 
mm from the fusion line may be ex
plained by the formation of stabilized 
austenite which does not retrans-
form to the martensitic structure on 

cooling to room temperature.11 The 
retained austenite is due probably to 
some partit ioning of the alloying ele
ments between the a and y phases. 
The enriched austenite becomes so 
stable that on cooling to room 
temperature the','—»a transformation 
does not occur.12 

The presence of retained stable 
austenite in the heat-affected zone 
at a certain distance from the edge 
of the weld fusion zone explains the 

appearance of a definite min imum in 
the microhardness results — (Fig. 4). 
Moreover, it is also responsible for 
the decrease in the average yield 
stress in the heat-affected zone 
(Table 2) as compared w i th the yield 
stress of the base metal. It is known 
that annealing of 18Ni maraging 
steel in the range of 600-700C 
leads to extensive stabilization of 
austenite.11 As the annea l i ng 
temperature rises beyond that range, 
the amount of retained austenite on 
cooling to room temperature de
creases. As from an annealing 
temperature of 740 C no retained aus
tenite is observed. 

The above evaluation can fully ex
plain the appearance of austenite in 
the heat-affected zone. At distances 
between 0.7 to 1.7 mm from the fu
sion line, the behavior of the alloy 
during the welded process is similar 
to its behavior during annealing 
and cooling processes in the 
temperature range 600-700 C. As 
atively large amount of austenite is 
retained in the structure, causing the 
decrease in yield stress and micro
hardness. 

In order to confirm the evaluation 
presented above, the fo l lowing 
experiment was performed: The 
welded samples were annealed once 
more at 820C and air-cooled and 
then precipitation-hardened at 480C. 
The yield stress (YPQ2) was meas
ured in the same area of the heat-af
fected zone and was found to be 166 
kg /mm 2 , an increase of 32% from 
125 k g / m m 2 in annealed, welded 
and precipitation-hardened samples 
— Table 2. The value of 1 66 k g / m m 2 

differs slightly from the Y P 0 2 of the 
base metal — Table 2. The differ
ence is probably the result of a 
scattering effect. 

The annealing at 820C introduced 
after welding prevents the formation 
of the stabilized austenite, a fully 
martensitic phase being obtained. Af
ter the process of precipitation-
hardening nearly homogeneous yield 
properties in the base metal and the 
heat-affected zone are achieved. 

Fracture Toughness Measurements 

The fracture toughness experi
ments were performed at room 
temperature. 

The Kic (Kc) value calculated on 
the basis of Srawley's collocation 
calibration formula8 does not include 
the plastic zone correction. The crack 
length which should be used in 
calculating Klc (Kc) is not only the 
estimated average length of the ac
tual crack at the point of fracture 
instability; it should also include a 
term ry to correct for the stress relax
ing effect of the plastically deformed 
zone at the tip of the crack.8 

The plastic correction can general
ly be neglected, especially for plane 
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HIM HjK-f / 2JHH 

•w 
Fig. 6—Scanning electron fractography of 
the area adjacent to the end of the fa
tigue crack (0.5 mm). Equiaxial dimples. 
The size of the dimples varies randomly. 
Mag. 1400X (reduced 33%, in reproduc
tion) 

Fig. 7—Scanning electron fractograph of 
the area somewhat remote from the end 
of the crack (1.5 mm). Elongated dimples 
and ripple-like features may be observed. 
Mag1400X (reduced 33% in reproduction) 

8—Fracture ap
pearance in the 
maraging steel 
samples taken 
from the heat-
affected zone. 
The fracture is 
fully square 
and does not 
show any slant 
borders (shear 
lips) 

strain conditions, without affecting 
the accuracy of the K|c measure
ments. It has been shown6 that the 
use of the plasticity correction would 
increase the K \c value by a maxi
mum of 10% in the extreme case. 
This was confirmed for maraging 
steel in the present investigation — 
Table 4. The valid K|c value may be 
established practically from speci
mens of which the thickness d is 
given by eq (2): 

d> 2.5 (K /Oj1 
(2) 

It is, however, questionable whether 
the plane strain conditions as de
scribed by eq (2) may be applied to the 
evaluation of fracture tests in a heat-
affected zone where point-to-point 
microstructure changes take place 
and the yield stress changes ac
cordingly. 

Let us assume that the unstable 
fracture occurs at a definite distance 
from the fusion line under certain 
loading conditions. Because of the 
special welding geometry, shown in 
Fig. 1, an almost homogeneous 
microstructure is achieved over the 
cross-section of the heat-affected 
zone at a constant distance from the 
edge of the weld fusion zone. But the 
exact value of the yield stress (cv) for 
this microstructure is unknown. The 
measured value of Oy(YPo2 ) given in 
Table 2, represents an average stress. 
When the geometry of welding is 
less regular than that shown in Fig. 
1, a mixture of different micro-
structures may be obtained at a con
stant distance from the fusion line 
over the cross-section of the heat-af
fected zone. Each such micro-
structure has a different yield char
acteristic. In that case the arbitrary 
relationship given by eq (2) for 
establishing specimen size for plane 
strain conditions cannot be used. 

It seems that the experimentally 
obtained functional relationship load 
vs. crack opening displacement (COD) 
as well as the macroscopic fracture 
appearance wi l l be much more infor
mative. 

Looking at the results for plane 
stress f rac tu re toughness in 
14CrMoV69 steel (Table 3), the high
est values of K are obtained in the 
weld fusion zone, the lowest in the 
base metal. In the heat-affected zone 
the lowest values of K c occur at the 
distance of 1.7 mm from the fusion 
line, where the maximum micro
hardness was observed — Fig. 3. 
The lower resistance to fracture of 
the base metal in plane stress condi
tions could be deduced from the frac
ture appearance. In many cases the 
unstable fracture started in the heat-
affected zone despite the side-groov
ing, but it then proceeded into the 
base metal — Fig. 5. The fracture is 
of a mixed type, having the central 

square strip wi th slant borders 
(shear lips) typical for plane stress 
conditions. The functional relation
ship load vs. COD, was also charac
teristic for plane stress conditions. 

For the case where material and 
testing l imitations exist and a valid 
K|c value cannot be obtained, Irwin 
et al73 suggested an approximate 
relationship between K|c and Kc: 

K 2 
^c K | c ( 1 + 1 . 4 P | c

2 ) (3) 

where Kc = plane stress fracture 
toughness, K|c = approximate value 
of plane strain fracture toughness, 
and ' lc dimensional ratio 

d \o- y / 

(4) 

The relationship (3) may be applied 
only in conditions when 

0c=(l /d)(Kc /<ryP<ff 
The criterion of P c = it represents a 

mid-range condition for the change 
from the flat tensile fracture wi th re
latively small shear lips to an oblique 
shear fracture wi th substantially in
creased fracture toughness. The (3c = 

7rcriterion for mid-range behavior is 
the same regardless of whether the 
fracture transition was induced by 
changing the testing temperature or 
by changing the test plate thickness. 
In the present investigation the 
values of (3C were found to be in the 
range of 0.65 to 1.51. 

The calculated values of K|c for 
the base metal and the heat affected 
and weld fusion zones, are shown in 
Table 3. 

Comparing these results, it wi l l be 
seen that the highest value of K|c is 
exhibited by the weld fusion zone 
and that the heat-affected zone and 
the base metal have somewhat 
lower calculated K|c values. 

The slight decrease in K|c values 
in the heat-affected zone may be the 
result of a mixture of different micro-
structures having different f low-
stress characteristics. 

If one of the components of the 
microstructure yields and strain hard
ens considerably before the f low 
strength of another component is 
reached, it wi l l lead to microvoid 
formation and premature failure of 
the en t i re compos i te m ic ro -
structure.14 

In all specimens taken from the 
heat-affected zone in the areas adja
cent to the end of the fatigue pre-
cracks, fractographic studies by 
means of the scanning electron 
microscope showed a narrow transi
tion zone which was fol lowed by 
dimpled rupture — Fig. 6. In areas 
somewhat remote from the end of 
the fatigue precracking, an elongated 
dimple and ripple-like features could 
be observed — Fig. 7. The fracture 
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was found to be ductile on the micro
scopic level. 

The results of fracture toughness 
measurements in 18N i maraging 
steel (see Table 4) show that the 
highest values of K|c are obtained in 
the heat-affected zone at a distance 
of 0.8 mm from the edge of the fu
sion zone. At a distance of 1.6 mm 
from the fusion line the K|c values 
are of the same magnitude as the 
K|c values of the base metal. The 
lowest K|c values were found in the 
weld fusion zone. Since eq (2) for 
plane strain conditions is not fulfi l led 
in the heat-affected zone (Table 4), 
the higher results of K ) c can be at
tributed to plane-stress conditions. 
In order formally to fulfi l l the require
ments of plane strain conditions, the 
samples taken at a distance of 0.8 
mm from the fusion line would have 
to be at least 25 mm thick; at a dis
tance of 1.6 mm, the minimum thick
ness would have to be 1 6 mm. 

But the appearance of the fracture 
as well as the functional relation, 
load vs. displacement, are from all 
points of view characteristic for 
plane strain conditions. The fracture 
is fully square and does not show 
any slant borders (shear lips) at the 
edge of the specimens — Fig. 8. The 
load-displacement diagram, too, is 
typical for plane strain conditions 
wi th its pop-in appearance — Fig. 9. 

Additional indirect proof of achiev
ing the state of fracture instability in 
plane strain conditions, is the low 
value of the net section stress at frac
ture, <rn. In all cases nrn was well 
below the yield stress, approximately 
0.3 to 0.4a y . Al l these features indi
cate that the reported values of K|c 

may be considered valid. It is prob
ably a typical example where the 
relationship given by eq (2) leads to 
larger specimens than required for 
valid K|c measurements. 

If in the initial stage of the fracture 
toughness test in the investigated re
gion a mixture of two phases wi th 
widely different yield characteristics 
is present, then the average value of 
CT Y wi l l be relatively low. But when the 
phase having a lower yield stress is 
in a metastable condition (in which 
higher degrees of plastic deforma
tion may cause a phase transforma
tion, bringing about an increase in 
its yield characteristic), the fracture 
may occur in plane strain conditions, 
although initially the requirements 
given by eq (2) were not fulf i l led. 

At a distance of 0.8 mm from the 
fusion line a higher percentage of re
tained austenite is present in the 
martensitic matrix. This causes low 
average yield stress (Table 2) as well 
as a decrease in the microhardness 
— Fig. 4. Because of the partit ioning 
of the alloying elements, the en-

6 8 
COD [mm] 

Fig. 9—Typical crack growth curve in the 
maraging steel samples taken from heat-
affected zone showing pop-in (COD = 
crack opening displacement) 

" *¥ % 

t/ 
«3»:,,;:..;".;.. ,,-. 

« 
« . . . • : • / : 

' % 7 

•&y-"... 

O -

> i * * } ^-/i7S777-V ' . •;.., .." -fe 
• • • * • '*. 7*Bm3tiff7.^.i.. ;- ! .-- 'v-.- 7:':< 

• . S ^ ! H 
Fig. 10—Scanning electron fractograph. 
The fractured surface consists of shallow 
equiaxial dimples. Mag. 1400X (reduced 
33% in reproduction) 

Fig. 1 I —Scanning electron fractograph. 
Dimples and flat featureless low rupture 
energy areas, may be observed. Mag. 
1450X (reduced 33% in reproduction) 

riched austenite ('/) becomes stable 
enough not to retransform to a on 
cooling to room temperature, but 
extensive plastic deformation ahead 

of the propagating crack may pro
duce the Y - 0. transformation by 
shear reaction, resulting in an in
crease i n o y . This increase in yield 
stress is caused by the tetragonality 
of the substitutional i ron-base 
martensite. Cahn and Rosenberg16 

explained the tetragonality of iron-
nickel martensite by the anisotropy 
of atomic pair correlations brought 
about by the transformation. The re
sults of t h e y - atransformation pre
sented above need further experi
mental clarification, but microhard
ness measurements already seem to 
support the case. These were made 
on the fractured surface of the 
sample, 0.8 mm from the fusion line, 
and showed an increase from 350 to 
420 DPH. 

Fractographic studies by means of 
a scanning microscope showed that, 
in both types of samples investigated 
(0.8 and 1.7 mm from the fusion 
line), the fractured surface consists 
predominantly of shallow equiaxial 
dimples — Fig. 10. This topography 
usually represents a ductile type of 
rupture at least on a microscopic 
level and indicates a rather high 
level of fracture toughness. Some
times a relatively flat featureless 
area could be observed; this indi
cates a low-energy rupture — Fig. 1 1. 

S u m m a r y 

The influence of welding on the 
fracture toughness of the heat-af
fected zone was studied in 14CrMo-
V69 and 18Ni maraging steels The 
samples were prepared from plates 
welded perpendicular to the rolling 
direction. The 14CrMoV69 steel was 
welded by a manual arc technique 
wi th low-hydrogen basic type elec
trodes Tenacito 100. The 18Ni ma
raging steel was gas tungsten-arc 
welded wi th filler metals made from 
the base metal. 

A special welding geometry and 
high-energy input led to a wide, uni
form heat-affected zone parallel wi th 
the fusion line. At various, but con
stant, intervals from the edge of the 
weld fusion zone the microstructures 
across the heat-affected zone re
mained almost unchanged. This per
mitted direct correlation of the frac
ture toughness measurements to the 
different microstructures when the 
initial crack was induced at the point 
of interest. 

The mechanical properties (micro
hardness, yield stress) in the heat-
affected zone in both investigated 
steels differ from the properties of 
the weld fusion zone as wel l as from 
the base metal. 

In 14CrMoV69 steel the changes 
in microhardness in the heat-affected 
zone were found to be wi th in the l im
its of 370 DPH, near the edge of the 
fusion zone, to 300 DPH near the base 
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metal. This 25% variation in micro
hardness w i th in the 3.5 mm wide 
heat-affected zone may be attributed 
to the different microstructures re
sulting from different cooling rates 
at different distances from the edge 
of the fusion zone. 

In the 18Ni maraging steel the 
microhardness wi th in the heat-af
fected zone varies f rom 500 DPH, 
near the base metal, to 420 DPH in 
the vicinity of the weld fusion. A def
inite min imum in the microhardness 
(350 DPH) could be observed at a dis
tance of 1 mm from the fusion line. 
The appearance of this minimum was 
attributed to the formation of stabil
ized austenite as a result of some 
partit ioning of the alloying elements 
between the a and Y phases. 

On the basis of metallographic 
and microhardness examinations 
along the weld fusion zone, heat-
affected zone, and base metal, three 
distances from the edge of the weld 
fusion zone in the 14CrMoV69 steel 
( 1 , 1.7 and 2.4 mm) and two dis
tances (0.8 and 1.6 mm) in the ma
raging steel were chosen as points 
of interest for the fracture toughness 
investigations. 

Thefracture toughness experiments 
were performed at room temperature 
on side-grooved SEN specimens, 
tested in tension. In maraging steel 
the results were plastically corrected. 

Because of the material and test

ing l imitations, the tests in 14CrMo-
V69 steel were performed in plane 
stress conditions. The results show 
that for these conditions (sample 
10 mm thick) the highest fracture 
toughness, Kc values, were obtained 
in the weldfusionzone (K c c^335)and 
the lowest K c values in the base metal 
(Kc c i 230). But the approximate val
ues of K|c , calculated by means of 
Irwin's relationship, show almost 
the same K|c values in the base 
metal and in the heat-affected zone, 
but higher values in the weld fusion 
zone. These results indicate that 
welding 14CrMoV69 steel w i th the 
low-hydrogen electrodes is an excel
lent choice since, compared wi th the 
heat-affected zone and the base 
metal, the weld fusion zone does not 
exhibit any inferior properties as far 
as fracture instability is concerned. 

In 18Ni maraging steel the highest 
K|c values were found in the heat-
affected zone at a distance of 0.8 mm 
from the fusion line (K| c a 400). At a 
distance of 1.6 mm from the fusion 
line and in the base metal the K|c 

values are almost the same (K | c ~ 
340). The lowest values of K | c were 
found in the weld fusion zone (K|c 

^ 2 3 0 ) . 

The fractographic investigation 
showed that in both steels the frac
ture essentially occurs by the wel l -
known mechanism of microvoid for
mation and coalescence. 
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Table 4—R 

Average 
yield 

stress, 

k g / m m 2 

174 

125 

125 

134 

esults of Fracture 

Specimen 
thickness, 

mm 

11 

11 

11 

11 

Toughness Measurements 

Notch location 

BM 

HAZ — 1.6 m m 

HAZ — 0.8 mm 

WFZ 

in 18Ni 

Number 
of 

tests 

4 

3 

3 

5 

Maraging Steel 

Average fracture toughness 
K ( c , k g / m m 3 / 2 

Uncorrected"3 ' 

314 

315 

380 

208 

corrected'0 ' 

339 

341 

409 

2 3 0 

Remarks 

Fulfills plane 
strain condit ions 
given by eq (2) 

Does not fulf i l l 
plane strain condit ions 
given by eq (2) 

Does not fulf i l l 
plane strain condit ions 
given by eq (2) 

Fulfills plane 
strain condit ions 
given by eq (2) 

(a) BM—base metal, HAZ—heat-affected zone; WFZ—weld fusion zone. 
(b) Weld fusion zone. The scattering of the fracture toughness results f rom the average value was in the range of +8% maximum. 
(c) The plasticity correction for K, which is sometimes desired for tough metals, was made graphically by the method suggested by 
Kies.16 c 
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