
The Effect of Welding on the Fatigue Crack 
Growth Rate in a Structural Steel 

Poor steelmaking practices and non-low-hydrogen electrodes 
were found to accelerate fatigue cracking 

B Y G . O . R A D I N G 

ABSTRACT. Fracture mechanics princi­
ples have been used to study the effects 
of welding on the rate of fatigue crack 
growth (FCG) in a low-carbon structural 
steel. The steel concerned is used widely 
in the fabrication of the structural frame­
work of passenger buses. Tests were car­
ried out on the base metal (BM), heat af­
fected zone (HAZ) and weld metal (WM). 
Both the near threshold and midrange 
regimes of crack growth were studied. 
In the midrange regime, the FCG rate 
was highest in the HAZ and lowest in 
the W M . Near the threshold, the FCG 
rate was highest in the BM and lowest 
in the W M . The results are explained in 
terms of microstructural changes due to 
welding, welding residual stresses, and 
fracture mechanisms. Recommendations 
to reduce the incidence of fatigue crack­
ing have been made. 

Introduction 

Most of the structural steel that is cur­
rently used in Kenya is cast and rolled 
locally. The bulk of the raw material con­
sists of an assortment of steel and cast 
iron scrap that is arc melted and then 
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rolled. Manufacturers who build passen­
ger buses use this material to fabricate 
the structural framework. The operators 
of the said buses reported a high inci­
dence of fatigue failures. On examina­
t ion, it was revealed that most of the fa­
tigue cracks occurred in the heat-af­
fected zone (HAZ). Figure 1 shows the 
extent of cracking in one such bus as it 
was brought in for repairs. 

Investigation of the melting practices 
and mil l procedures indicated several 
weaknesses with regard to quality con­
trol. There was little control of the qual­
ity of scrap, no attempts to degas the 
melt, no close control of the chemistry, 
little control of temperature during 
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roll ing and contact of hot metal wi th 
water during rolling. 

The purpose of this investigation was 
to study the effects that welding has on 
fatigue crack growth in this material. In 
particular, to study the rate of fatigue 
crack growth in the base metal (BM), 
heat-affected zone (HAZ) and weld 
metal (WM). The investigation covered 
both midrange (where the Paris law is 
applicable) and near threshold (below a 
crack growth rate of approximately 3 X 
10"6 mm/cycle) regimes of FCG. 

Materials and Test Procedures 

The material studied is a low-carbon 
structural steel. The chemical composi­
tion and mechanical properties are given 
in Table 1, which also includes the re­
quirements of ISO 630 (Ref. 1) for this 
grade of steel. 

The fatigue crack propagation tests 
were performed on center cracked ten­
sion specimens. The dimensions of the 
specimens are shown in Fig. 2. The thick­
ness of the specimen is the same as that 
used in the fabrication of the bus body 
frameworks (about 2 mm.). To assess the 
rate of FCG in the weld metal, the ma­
terial was cut into two and rewelded. 
The center notch was then machined 
such that the crack would grow along 
the W M . To preserve the thickness, the 
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Fig. 1 — The extent of cracking 
in a vehicle framework 

brought in for repairs 
The arrows indicate 

positions of 
the cracks. 
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Fig. 2 — Dimensions 
of the specimen. 

weld bead was ground flush. Specimens 
for testing FCG in the HAZ were simi­
larly prepared, but the notch was ma­
chined adjacent to the weld to make the 
crack grow along the HAZ (parallel to 
the weld). The position of the notch rel­
ative to the weld was determined by 
prior macro-etching of a similar weld. 

The tests were performed on a rig de­
signed for this purpose. The load was 
measured by a strain gauge based load 
cell attached to an oscilloscope. The 
stress intensity factor was calculated 
from (Refs. 2, 3) 

AK AP na na 
—4 sec — 
B \2W 2 

1 

where, a = 2a/W, and AP is the alternat­
ing load. The crack length was measured 
using a traveling microscope accurate 
to 0.1 mm. The crack growth rate, 
da/dN, was then calculated (deter­
mined) using the fo l lowing two meth­
ods: 

1) In the midrange regime (regime II), 
a graphical method was used, i.e., a 
graph of a vs. N was plotted and the gra­
dient determined at various points. 

2) Near the threshold, the secant 

method was used, i.e., da/dN was de­
termined from 

da_ 

dN (2) 

where a = 'A (a i+1 + a-,), and the subscript, 
i, denotes the i'th data point. 

All tests were performed at an R-ratio 
of 0.2 and a frequency of 24 Hz in lab­
oratory air. All the midrange tests were 
performed at a constant AP in accor­
dance with the ASTM standard (Ref. 3), 
whi le near the threshold, the decreas­
ing K technique, (Ref. 3), was used. In 
all cases, precracking was carried out 
under the same conditions (frequency, 
R-ratio, environment, maximum load, 
etc.) as the actual test, following the pro­
cedures in ASTM 647 (Ref. 3). 

Results 

The midrange FCG curves for the 
base metal, weld metal, and heat-af­
fected zone are shown in Figs. 3, 4, and 
5, respectively. The graphs show the 
range of stress intensity calculated from 
Equation 1 plotted against da/dN deter­
mined by the graphical method as ex­
plained earlier. The results are seen to 

follow the Paris law 

dN 
•• CAK" (3) 

For AK in MPa m1 / 2 and da/dN in 
mm/cycle, the values of C and m deter­
mined were as shown in Table 2. 

Figure 6 shows the results of the near 
threshold FCG tests for the BM, HAZ and 
W M . In this regime, the Paris equation 
is no longer applicable. In Fig. 7, all the 
results are plotted together on the same 
diagram. 

Figures 3 to 7 show the fo l lowing 
trend in FCG for this material: 

1) In regime II of FCG, the rate is high­
est in the HAZ and lowest in the W M . 
The difference between the rates in the 
HAZ and BM diminishes at low values 
of stress intensity range (exemplified by 
the difference in the exponent, m). 

2) Still in the midrange, the difference 
between the FCG rates in the BM and 
W M is highest at low values of stress in­
tensity range, the difference diminishes 
at higher values of stress intensity range. 

3) Near the threshold, the FCG rate 
is highest in the BM and lowest in the 
W M . There is thus a cross-over in the 
FCG curves pertaining to the BM and 
that pertaining to the HAZ. 

Discussion 

Weld Metal 

The results given above show that the 
rate of FCG is lowest in the weld metal. 
This is so both in the mid-range and near 
threshold regimes. There are several fac­
tors which contribute to this. 

Residual Stresses 

The welding process leaves behind 
stresses distributed as shown in Fig. 8 

Table 1 -

Material 
ISO 
630 

The Chemical and Mechanical Properties 

Yield 
Stress UTS Elong. C 
(MPa) (MPa) (%) (%) 

290 370 26 0.12 
270 430- 22 0.24 
min. 530 min. max. 

of the Material Tested. 

Mn S 
(%) (%) 

0.49 0.009 
1.6 0.05 
max. max. 

P 
(%) 

0.006 
0.06 
max. 

\ 
(%) 

0.04 
0.009 
max. 

Table 2 -
Results 

BM 
HAZ 
W M 

Summary 

m 

3.6 
4.3 
4.8 

of Mid range FCG 

C 

1.35* lO " 9 

2.9* 10"1 0 

1.6* 10"1 1 
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Fig. 3 — Midrange FCG rate data for the base metal. 
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Fig. 4 — Midrange FCG rate data for the HAZ. 

(Ref. 4). These stresses may be as high 
as the yield stress (Ref. 5). For a thin 
plate, such as the one tested here, the 
stresses can be taken as uniform through 
the thickness. No appreciable tunneling 
was evident. As can be seen from Fig. 
10, the residual stresses are compressive 
in the part of the specimen where the 
crack is growing, and wil l result in a re­
duction of stress intensity such that 

AK.. = AK-Kr (4) 

where Kres is the stress intensity due to 
the compressive stress1. Figure 8 shows 
a reduction in the magnitude of the com­
pressive stress as the distance from the 
center of the plate increases. Thus, the 
contribution of K,.es should decrease at 
higher values of stress intensity. This is 
indeed what is observed in Fig. 5. 

A similar trend has been observed by 
several workers (Refs. 6-1 2), and some 
of the workers have shown that when 
the residual stresses are relieved, the 
rates of FCG though the BM and W M 
become essentially the same (Refs. 6, 7, 
8, 12, 13). 

Weld Micro-Imperfections and 
Crack Tip Morphology 

Small, rounded micro-imperfections 
like porosity, slag inclusion, etc., (but ex­
cluding weld microcracks) wi l l result in 
crack tip blunting. This reduces the 
sharpness of the crack and, hence, the 
effective value of stress intensity, result­
ing in a lower FCG rate. Furthermore, it 
may be necessary for the crack to re-ini­
tiate or the nature of the imperfection 
may lead to crack tip kinking and branch­
ing. All these factors lead to a reduced 
effective stress intensity and, hence, a 
lower FCG rate. A similar reasoning was 
advanced by Maddox (Ref. 14). 

However, the beneficial effects of 
micro-imperfections are likely only if 

their size and number are below some 
critical value. This critical value depends 
on the number of stress cycles required 
to re-initiate the crack, compared to the 
number of cycles required to grow the 
crack through sound material by an 
amount equal to the diameter of the de­
fect. This number of cycles can be esti­
mated by integrating Equation 3 and 
using the values of C and m from Table 
2. It is expected that a suitable nonde­
structive test would detect those imper­
fections that exceed the critical size. 

Changes in Microstructure and 
Mechanical Properties 

The mechanical properties and mi­
crostructure of the weld metal are dif-

1. The equation does not invoke crack closure arguments. Kres is calculated from residual 
stress at each point, i.e., Kres = f(ares) = f(a), and this value is then substracted from the 
mechanically applied stress intensity. Crack closure can occur without residual stress (e.g., 
oxide induced closure or mode il induced displacement). Conversely, residual stresses can 
occur without crack closure. For example, if the residual stresses are tensile, Equation 4 is still 
applicable, except that Kres is added rather than subtracted. But tensile residual stresses do not 
cause crack closure. This also clarifies the point concerning the equations' range of 
applicability. Where there is no residual stress, Kres is set to zero. Where the stress is tensile, 
K„, is added rather than subtracted. 
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Fig. 5 — Midrange FCG rate data for the WM. 
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Fig. 6 — Near threshold FCG data (all zones). 

ferent from those of the BM. This be­
comes important in near threshold 
growth where the FCG rate is very sen­
sitive to the microstructure (Refs. 1 5,1 6). 
Furthermore, the W M has a much 
coarser grain structure. A coarse grain 
structure is more resistant to FCG (Ref. 
1 5), which contributes to the lower rate 
of FCG near the threshold in this case. 

Heat-Affected Zone 

The results presented previously in­
dicate a faster rate of FCG in the HAZ 
than in the BM in the midrange. The 
graphs cross over as the threshold is ap­
proached. This is a clear departure from 
most reported results, which indicate a 
lower rate of FCG through the HAZ 
(Refs. 9-12). This behavior can be at­
tributed to the reasons stated below. 

Micromechanisms of FCC 

In the midrange of FCG, the growth 
of fatigue cracks occurs by striation for­
mation (Refs. 17, 18). This material was 
seen to have an unacceptably high con­
centration of nitrogen. The heating that 

occurs in the HAZ due to welding is 
likely to cause the formation of brittle ni­
trides in the HAZ. Such an effect was ob­
served by Gardner (Ref. 19). In fatigue, 
these brittle particles wil l fail by a "static" 
mechanism — most likely debonding 
from the rest of the material. These 
"static" failure mechanisms, superim­
posed on the striation formation mecha­
nism, wi l l result in a higher rate of FCG 
through the HAZ. Near the threshold, the 
stresses are too low for the "static" modes 
of failure to take place and, as is evident 
from Fig. 4, the gap between FCG rates 
in the HAZ and BM closes. 

Hydrogen Embrittlement 

As was explained in the introduction, 
lack of adequate quality control proce­
dures leads to the hot metal coming into 
contact with water during rolling. Thus, 
some water vapor/hydrogen is likely to 
be trapped in the metal. This effect may 
be further aggravated during welding 
when hydrogen, both from residual 
water vapor and from the electrode 
cover (all the welding was done using 
the shielded metal arc method) diffuse 

to the HAZ. The result is hydrogen em­
brittlement in the HAZ, leading to the 
higher rate of FCG. Higher rates of FCG 
caused by hydrogen embritt lement in 
structural steels has been reported by 
Marrow, etal. (Ref. 20), Cotteril l and 
King (Ref. 21), and Hippsley and Lane 
(Ref. 22), among others. 

Coarser Grains 

Similar to what was said for the weld 
metal, coarser grains in the HAZ lead to 
a lower rate of FCG in the near thresh­
old regime (Ref. 15). 

The most serious anomalous behav­
ior of the material subject to study was 
the higher rate of FCG through the HAZ. 
This is attributable to the lack of quality 
control both during casting/rolling of the 
steel and during fabrication of the bus 
body frameworks. It is recommended 
that both the steel roll ing mills and the 
bus body fabricators institute quality 
control assurance procedures which 
should include: 

1) proper control of the chemistry of 
the melt through chemical/spectropho-
tometric analysis. 
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Fig. 8 — Schematic distibution St welding residual stresses. 

2) appropr ia te degassing of the melt . 
3) prevent ion o f excessive contac t be­

t w e e n the ho t me ta l a n d w a t e r d u r i n g 
r o l l i n g . (The wa te r is used to c o o l the 
ro l le rs . The s o l u t i o n c o u l d be to e i ther 
use an a l ternat ive m e t h o d of c o o l i n g or 
to ensure bet ter sea l ing of t he wa te r 
pipes.) 

4) dry the w e l d i n g electrodes pr ior to 
use to exc lude water vapor . 

5) us ing e lect rodes of h igher qua l i t y 
to e x c l u d e the poss ib i l i t y o f h y d r o g e n 
absorpt ion. 

It may also be o f interest to quan t i f y 
the effects o f the fac tors m e n t i o n e d 
a b o v e , i.e., the res idual stresses, c rack 
b ranch ing and k ink ing , as we l l as the n i ­
t r i de f o r m a t i o n t e n d e n c y . Except fo r 
res idua l stresses, f o r w h i c h severa l re­
searchers (Refs. 7, 23) have suggested 
equat ions , quan t i f y i ng the other factors 
is no easy task. A s tat is t ica l a p p r o a c h 
may be the on l y pa th . 

Conc lus ions 

The f o l l o w i n g c o n c l u s i o n s may be 
d r a w n f r o m th is s tudy o f the effects o f 
w e l d i n g on the rate of FCG in a low-car ­
bon structural steel: 

1) In the m id range o f FCG, the FCG 
rate is highest in the H A Z and lowest in 
the W M . 

2) The h igh FCG rate t h r o u g h the 
H A Z may be at t r ibuted to the fo rmat ion 
of ni t r ides, and hydrogen embr i t t l emen t 
in t he H A Z , t h o u g h o the r fac to rs may 
also be con t r i bu t i ng . 

3) The s lower FCG rate t h r o u g h the 
w e l d meta l w a s d u e to res idual stresses 
and w e l d m i c r o - i m p e r f e c t i o n s , w h i c h 
lead to changes in crack t ip morpho logy . 

4) The threshold stress intensi ty range 
increased in the order B M < H A Z < W M . 

5) The greater resistance o f the H A Z 
and the W M to near thresho ld FCG was 
d u e to the coarser g ra in s t ruc tures in 
these zones , a n d , in t he case of W M , 
pa r t i a l l y to c o m p r e s s i v e res idua l 
stresses. 

Acknowledgments 

F inanc ia l suppo r t fo r this s tudy was 
p rov ided by the G e r m a n A c a d e m i c Ex­
change Service ( D A A D ) . 

References 

1. ISO 630, Structural Steels. International 
Organization for Standardization, (1980). 

2. Cartwright, D. )., and Rooke, D. P. 
Compendium of Stress Intensity Factors. 
HMSO, London, (1976). 

3. ASTM E647, Test Method for Constant 
Ampl i tude Fatigue Crack Growth Rates 
Above 1 0"8 m/cycle. Annual Book of ASTM 
Standards, part 10. (1980). 

4. Gurney, T. R. Fatigue of Welded Struc­
tures, Cambridge University Press, (1979). 

5. Nakamura, H., etal.). Testing and Eval­
uation, Vol. 16. No. 3, p. 280, (1988). 

6. Yuen, J. L., and Coperland, J. F. ; ) . Eng. 
Mat. and Tech., Vol. 101, p.214, (1979). 

7. Itoh, Y. Z. ef al. Eng. Fracture Mech.; 
Vol. 33, No. 3, p. 397, (1989). 

8. Greasley, A. and Naylor, S. G. W. Eng. 
Fracture Mech., Vol. 24, No. 5, p.7l7, (1986). 

9. Clark, Jr., W. G. ASME paper No. 70-
PVP-24, (1970). 

10. Bucci, R. J. Greene, B. N. and Paris, 
P.C. ASTM STP 536, (1973). 

11. Shahinian, P., et al. Welding Journal., 
Vol. 51 , No. 11, (1972). 

12. James, L. A. HEDL-TME 76-93,West-
inghouse Hardford Co. Rictuand,WA, (1977). 

13. James, L. A., and Mil ls, W. ). J. Eng. 
Mat. and Tech. Vol. 107, p. 34, (1985). 

14. Maddox, S. J. Welding Journal, Vol . 
53, No. 9, (1974). 

15. Ritchie, R. O. Metal Science, (1979). 
1 6. Shih, T. T., and Donald, J. K. J. Eng. 

Mat. and Tech., Vol. 103, (1981). 
17. Pelloux, R. M. N. Eng. Frac. Mech. 

Vol .1. (1970). 
1 8. Laird, C. ASTM STP 415, (1967). 
19. Gardner, J. Welding Engineering Sci­

ence and Metallurgy. Norman Price Ltd., 
(1972). 

20. Marrow, T. J. Cotterill, P. J., and King, 
J. E.; Acfa Metall. Mater., Vol. 40, No. 8, pp. 
2059-2068, (1992). 

2 1 . Cotter i l l , P. J., and King, J. E.; Int. J. 
Fatigue, Vol. 13, No 6, pp. 447-452, (1991). 

22. Hippsley, C.A., and Lane, C. E. Mat; 
Sci. Tech., Vol. 6, pp. 735-742, (1990). 

23. Beghini, M., and Bertini, J. Eng. Frac­
ture Mech., Vol. 36, No. 3, p. 397, (1990). 

Appendix 

Nomenclature 

a half crack length 
C constant in the Paris equation 
da/dN fatigue crack growth rate 
K stress intensity factor 
Kmax maximum value of K during 

cyclic loading 
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1/ 
^min 

AK 
Kr 

AK,h 
m 
N 
P 
R 

minimum value of K during 
cyclic loading 
range of stress intensity 
plane stress fracture toughness 
threshold stress intensity range 
exponent in the Paris equation 
number of stress cycles 
load 
stress ratio Kmin/ Kmax 

Abbreviations 

ASTM 

CCS 

FCG(P) 

HAZ 

American Society for Testing 
and Materials 
Center Cracked Tension 
Specimen 
Fatigue Crack Growth 
(Propagation) 
Heat-Affected Zone 

ISO 

NTFCG 

BM 
W M 

International Organization for 
Standardization 
Near Threshold Fatigue Crack 
Growth 
Base Metal 
Weld Metal 
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Nitrogen in Arc Welding — A Review 

By IIW Commission II 

In 1983, Commission II of the International Institute of Welding (IIW) initiated an effort to review and examine the role 
of nitrogen in steel weld metals. The objective was to compile in one source, for future reference, the available informa­
tion on how nitrogen enters weld metals produced by various arc welding processes, what forms it takes in these welds, 
and how it affects weld metal properties. 

This bulletin contains 13 reports and several hundred references related to Nitrogen in Weld Metals that has been pre­
pared as a review to show the importance nitrogen has in determining weld metal properties. 

Publication of this report was sponsored by the Welding Research Council, Inc. The price of WRC Bulletin 369 is 
$85.00 per copy, plus $5.00 for U.S. and $10.00 for overseas, postage and handling. Orders should be sent with pay­
ment to the Welding Research Council, Room 1301, 345 E. 47th St., New York, NY 10017. 

WRC Bulletin 370 
February 1992 

Recommendations Proposed by the PVRC Committee on Review of ASME Nuclear 
Codes and Standards Approved by the PVRC Steering Committee 

The ASME Board on Nuclear Codes and Standards (BNCS) determined in 1986 that an overall technical review of ex­
isting ASME nuclear codes and standards was needed. The decision to initiate this study was reinforced by many factors, 
but most importantly by the need to capture a pool of knowledge and "lessons learned" from the existing generation of 
technical experts with codes and standards background. 

Project responsibility was placed with the Pressure Vessel Research Council and activity initiated in January 1988. The 
direction was vested in a Steering Committee which had overview of six subcommittees. 

The recommendations provided by nuclear utilities and industry were combined with the independent considerations 
and recommendations of the PVRC Subcommittees and Steering Committees. 

Publication of this document was sponsored by the Steering Committee on the Review of ASME Nuclear Codes and 
Standards of the Pressure Vessel Research Council. The price of WRC Bulletin 370 is $30.00 per copy, plus $5.00 for 
U.S. and $10.00 for overseas, postage and handling. Orders should be sent with payment to the Welding Research 
Council, Room 1301, 345 E. 47th St., New York, NY 10017. 
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