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ABSTRACT. The effect of copper concen
tration in the range of 0.02 to 1.4 wt-% on 
the microstructure, hardness, tensile and 
Charpy V-notch impact properties of mul
tipass C-Mn welds has been studied both 
in the as-welded state and after a stress 
relief treatment of 2 h at 590°C (1094°F). 
The microstructure has been investigated 
in terms of the proportions of the various 
ferrite morphologies, grain size, second-
phase (carbides, martensite, retained aus
tenite) volume fraction, inclusion distribu
tion and the extent of Cu-precipitation. 

The main effects due to Cu are: 1) 
increase in hardness and tensile strength, 
2) refinement of the microstructure, 3) in
crease in the second-phase volume frac
tion and 4) local precipitation of c-Cu in the 
as-welded state. These results are dis
cussed with respect to Cu as a 7-stabiliz-
ing element and to the role of nonmetallic 
inclusions on the formation of acicular 
ferrite. The local precipitation of Cu is dis
cussed in terms of composition fluctua
tions due to segregation effects in the 
welds. 

The stress relief treatment leads to pre
cipitation and spheroidization of carbides, 
and precipitation of e-Cu, including grain 
boundary precipitation, in the 0.66 and 
1.4% Cu welds. 

The Charpy impact properties remain 
almost stable up to 0.66% Cu and are very 
similar in both the as-welded and stress-
relieved states. Lower toughness proper
ties were obtained for the 1.4% Cu weld. 

It is concluded that for the particular Mn 
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level used (—1.5 wt-%), up to 0.66% Cu 
can be added to the weld; thus, gaining in 
strength, hardness and probably corro
sion resistance, without impairing tough
ness. 

Introduction 

The presence of copper in scrap-based 
steels and its use in offshore steels to 
achieve desirable strength levels or in 
welding consumables to improve their 
corrosion resistance can lead to the trans
fer of Cu to weld metals via dilution from 
the base metal or pickup from the elec
trode. Although beneficial effects of Cu in 
low-alloy steels, e.g., strengthening ef
fects due to grain refinement or precipita
tion hardening, are well established (Ref. 
1), the effects of Cu on the microstructure 
and toughness properties of weld metals 
appear to be less well understood (Ref. 2). 
Deleterious effects of Cu on the impact 
properties of weld metals are perhaps 
best known in the case of neutron-irradi
ated pressure vessel steel weldments (Ref. 
3). 

In the present work, a systematic inves
tigation of the effects of copper on the 
microstructure and mechanical properties 
of ferritic weld metal has been made. 
Multipass shielded metal arc (SMA) welds 
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were produced using low-hydrogen, Fe-
powder-type electrodes containing dif
ferent amounts of copper to give welds 
with variable Cu concentrations in the 
range of 0.02 to 1.4 wt-%. All other 
parameters were held constant. The welds 
were examined in the as-welded condi
tion and after stress relieving at 590°C 
(1094°F) for 2 h. Initial characterization of 
the welds involved determination of the 
chemical composition, microhardness, 
tensile and Charpy toughness properties. 
Microstructural studies focused on the 
following issues: 

1) How copper additions influence the 
prior austenite grain size and the propor
tions of the different ferrite morphologies. 

2) How copper additions affect the 
microstructure of the reheated zones, in 
particular with respect to the nature and 
proportions of the second phases present 
(carbides, bainite, martensite and retained 
austenite). 

3) Whether copper alters the nonme
tallic inclusion distribution and chemistry. 

4) To what extent e-copper precipita
tion occurs in the as-welded and stress-
relieved conditions. 

Quantitative microstructural analysis in
volved the use of an image analysis system 
interfaced to both light and scanning elec
tron microscopes, and transmission elec
tron microscopy examination of both car
bon extraction replicas and thin foils. Mi-
croanalytical data were obtained in the 
scanning transmission mode using an en
ergy dispersive x-ray spectrometer (EDS). 

Experimental Procedure 

Metallographic specimens of shielded 
metal arc C-Mn welds with copper con
tents up to 1.4% were prepared. Details of 
the welding procedure, mechanical and 
Charpy V-notch testings can be found in 
Ref. 4. 

Vickers microhardness was measured 
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on polished and etched specimens using 
the ultrasonic contact impedance (UCI) 
method. Quantitative analysis of the dif
ferent ferrite morphologies was carried 
out on polished and etched specimens 
according to the scheme defined by Dun
can, et al. (Ref. 5), using an interactive im
age analysis system interfaced to a light 
microscope. The nonmetallic inclusion vol
ume fraction and size distribution were 
determined on unetched specimen sur
faces using an SEM-IPS image analysis sys
tem operated at 15 kV with a magnifica
tion of 3700X. The volume fractions of the 
microphases (martensite, retained austen
ite, carbides) in the fine-grained reheated 
zone were determined using the same 
system on etched specimens at a magni
fication of 2500X. 

Carbon extraction replicas were ob
tained from polished and preetched spec
imen surfaces. Thin foils were prepared 
by standard chemical and electrolytic pol
ishing techniques. Electron microscopy 
studies were performed on a Philips EM 
400T (S)TEM operated at 120 kV and 
equipped with EDS microanalysis facilities. 
Semiquantitative chemical analyses were 
performed using standard software with 
thin film corrections. 

Experimental Results 

Chemical Composition 

The chemical compositions of the weld 
metals as a function of the copper content 
in the electrode coating are shown in Ta
ble 1. Note that a steady increase in the 
weld metal copper concentration is ob
served, whereas the other elements re
main almost constant, with only slight 
variations in the manganese and oxygen 
levels. 

Table 1—Chemical Compositions of the As-Deposited Weld Metals as a Function of Cu in the 
Coating (wt-%) 

Cu in 
Coating 

— 
0.2 
0.4 
0.8 
1.6 
3.2 

C 

0.074 
0.075 
0.074 
0.076 
0.068 
0.076 

Mn 

1.51 
1.48 
1.42 
1.48 
1.49 
1.49 

Si 

0.36 
0.36 
0.32 
0.33 
0.32 
0.36 

S 

0.008 
0.007 
0.008 
0.007 
0.006 
0.006 

P 

0.011 
0.006 
0.007 
0.006 
0.006 
0.006 

Cu 

0.02 
0.11 
0.19 
0.35 
0.66 
1.40 

O 

0.040 
0.039 
0.038 
0.040 
0.039 
0.041 

Note: Ti = 40 ppm. 

Microhardness Testing 

Figure 1A and B show the microhard
ness results as a function of the copper 
content in the as-welded and stress-re
lieved states, respectively. The measure
ments were performed down the upper
most central bead into the reheated zone 
with a distance of 0.4 mm (0.02 in.) 
between each subsequent measurement. 
In the as-welded state, no influence of Cu 
on the microhardness was detected up to 
0.19% Cu. Beyond this Cu level, the 
microhardness increases and the highest 
microhardness values were obtained with 
1.4 wt-% Cu. The stress-relieving treat
ment leads to softening (Fig. 1B) of the top 
bead weld metal for Cu levels of 0.02 and 
0.66%. The reheated zones show, how
ever, higher hardness values than the as-
welded state in the case of the 0.66% Cu 
weld. For the 1.4% Cu weld, the stress re
lief treatment leads to an overall increase 
in hardness compared to the as-welded 
state. 

Tensile Properties 

A steady increase in yield strength (YS) 
and ultimate tensile strength (UTS) with 

increasing Cu-content was observed in 
both the as-welded (AW) and stress re
lieved (SR) states — Table 2 and Fig. 2. The 
stress relief treatment leads to a slight de
crease in YS for Cu contents up to 0.66%, 
while a slight increase was observed for 
the 1.4% Cu weld compared to the as-
welded state. Assuming the tensile prop
erties to be linearly related to Cu concen
tration in the weld, the following regres
sions were obtained for the specified Mn, 
C and Si concentrations: 

YS (AW) = 484 + 57 (%Cu) 
YS (SR) =472 + 69.3 (%Cu) 
UTS (AW) = 562 + 58 (%Cu) 
UTS (SR) = 531 + 107.1 (%Cu) 

Charpy V-Notch Impact Toughness 

The Charpy impact curves, obtained 
from the average of the scatter bands, are 
plotted in Fig. 3A and B, respectively, for 
the as-welded and stress-relieved state. 

In the as-welded state (Fig. 3A), it can be 
seen that for an arbitrary level of 100 J (74 
ft-lb) the best toughness results are ob
tained at 0.19% Cu. However, on varying 
the Cu content from 0.02 to 0.66% only a 
10°C (18°F) variation of the transition 
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Fig. 2-Effect of Cu on 
yield strength and 

ultimate tensile strength 
of the as-welded and 
stress-relieved welds. 

temperature is observed, which lies within 
the scatter band. Beyond 0.35% Cu, the 
upper shelf is depressed. The weld con
taining 1.4% Cu shows the lowest tough
ness properties. 

Compared to the as-welded state, the 
stress relief treatment has no noticeable 
effect on the impact properties for Cu 
concentrations up to 0.35%, apart from a 
slight improvement in the upper shelf 
properties of the 0.11% Cu weld. A slight 
lateral shift to higher temperatures was 
observed for the 0.66% Cu weld, while, in 
the whole series studied (as-welded and 
stress relieved), the lowest toughness 
properties were obtained for the stress-
relieved 1.4% Cu weld. 

Metallographic Examination 

As-welded state: Figure 4 is a macro
graph of the multipass weld and Fig. 5 A-
F shows light micrographs of the different 
weld metal microstructures correspond
ing to the two extreme copper concen
trations. In Table 3, the results of the 
quantitative metallography as a function 
of the copper content in the weld metal 
are presented. All weld metal microstruc
tures are characterized by high propor
tions of acicular ferrite (AF) the one with 
the lowest Cu concentration having, how
ever, the highest value (89%). The main 
effect of copper on AF was a pronounced 
refinement of the grains —Fig. 5A, B. As 

copper in the weld increases, there is a 
general increase in both grain boundary 
ferrite PF(G) and ferrite with aligned sec
ond phases FS(A). The former decreases, 
however, at the higher copper concen
trations. With increasing Cu concentra
tion, a general refinement of the micro-
structure was observed. The mean co
lumnar grain width L, as well as the mean 
prior austenite grain size in the coarse
grained reheated zone I, decrease with 
increasing Cu —Fig. 5C, D. However, the 
mean grain size of the fine-grained re
heated zone (FCRZ) remains almost con
stant up to 0.66% Cu. A noticeable de
crease occurs for the 1.4% Cu weld — Fig. 
5E, F. 

Another effect of increasing copper 
concentration was an increase in the vol
ume fraction of the second phases. This is 
illustrated in Table 3 for the FCRZ's, and in 
Fig. 6, which shows SEM micrographs for 
two different copper levels. The second 
phases are characterized by bright con
trast and are located at grain boundaries 
and triple points. The nature of these mi
crophases cannot be identified unequivo
cally with SEM. However, fine grain bound
ary carbides are readily seen; the larger is
lands observed between the ferrite grains 
are probably martensite, bainite or re
tained austenite. Only rarely were lamel
lar products (e.g., pearlite) observed. 

Stress-relieved state: As observed with 
the light microscope and the SEM, the 
main effect of the stress-relieving treat
ment on the weld metal microstructure is 
the precipitation of carbides from mar
tensite and retained austenite, as well as 
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the spheroidization of grain boundary 
carbide films. 

Two carbide morphologies were ob
served (Fig. 7A-C): 1) Fine spheroidal car
bides occurring as rows of closely spaced 
particles between FS(A) laths or on ferrite 
grain boundaries, or as isolated groups of 
fine particles. The latter probably result 
from the tempering of the original mar
tensite islands (Ref. 6) —Fig. 7A, B. Such is
lands of fine spheroidal carbides were 
most frequently observed (compare Fig. 
7B and C) in the 1.4% Cu weld as a result 
of the higher volume fraction of marten
site observed in this weld —Table 3. 2) 
Coarser elongated grain boundary car
bides that have coarsened during the 
stress relieving treatment. 

Inclusion distribution: The inclusion vol
ume fractions and size distributions show 
very little variation between the welds. 
This is not unexpected since the oxygen 
and sulfur levels are constant, and the 
variation of these elements is known to be 
the most important factor controlling the 
nonmetallic inclusion populations in weld 
metals. The mean volume fraction of 
inclusions measured from analyzing ~600 
particles, corresponding to about 50 fields, 
was found to be Vf = 0.002. A typical size 
distribution histogram is presented in Fig. 
8. It can be seen that the majority of the 
inclusions have diameters between 200 
and 600 nm, with a small fraction (about 
1.2%) having diameters between 1000 
and 1400 nm. The mean diameter calcu
lated was 400 nm. Using this value and the 
measured volume fraction, the mean cen
ter-to-center interparticle spacing can be 
calculated, assuming the inclusions are 
spherical in shape (which is the case here) 
as: 

Table 2—Tensile Properties 

Cu % 

0.02 
0.11 
0.19 
0.35 
0.66 
1.4 

(a) El = 
(b) RA : 
(c) A W 
(d) SR = 

YS (N/mm2) 
AW<C> 

484 
502 
488 
504 
513 
568 

Elongation. 
= Reduction in area. 
= As welded. 
: Stress relieved. 

SRW 

471 
462 
453 
482 
499 
583 

UTS (N/mm2) 
AW 

560 
578 
566 
586 
593 
647 

Table 3—Quantitative Metallography 

Cu% 

0.02 
0.11 
0.19 
0.35 
0.66 
1.4 

A F ( a ) 

% 
89 
87.7 
81.5 
79.7 
80.6 
83.5 

PF(G)<b> 

% 
8.6 
9.1 

15.5 
15 
10 
9 

FS(A)<C> 
O/ 

2.4 
3.2 
3 
5.3 
9.4 
7.5 

SR 

563 
548 
549 
572 
607 
673 

[(d) 

fcm) 
68 
65 
57.5 
53 
56 
48.5 

E|(a) 

A W 

26 
27.6 
28.2 
27.6 
28.6 
27.4 

j(e) 

(Mm) 

41 
34 
26.5 
25 
29 
26.7 

o/ /o 
SR 

31.2 
29.8 
31.2 
28.2 
28.6 
24.2 

d<0 
(Mm) 

6 
6 
5.5 
5.9 
6 
4.1 

RA<b> % 
A W 

78.8 
77.0 
77.0 
77.0 
77.0 
73.0 

M 

SR 

77.0 
77.9 
78.8 
77.9 
74.0 
73.0 

<s)-phases 

% 
5.4 

— 
6.5 

10 
12.2 
17.2 

(a) AF: acicular ferrite (including /i-phases). 
(b) PF(C): grain boundary ferrite. 
(c) FS(A): ferrite with aligned second phases (Ref. 5). 
(d) L; mean columnar grain width. 
(e) j j mean prior austenite grain size in the coarse-grained reheated zone (CGRZ). 
(f) d: mean grain size in the fine-grained reheated zone (FGRZ). 
(g) ^-phases: pearlite, martensite, bainite and retained austenite in the FGRZ. The typical relative standard deviations were about 5%. 

x = ( 
Vf 

4 /37rr 
) "1 / 3 = 2.5 ,u.m (2500 nm) 

Microanalysis of the inclusions per
formed in the STEM-mode using a small 
spot size ( ~ 10 nm) shows the presence of 
a titanium compound and copper or man
ganese sulfides at the edges. If, however, 
both titanium- and sulfur-rich regions are 
present on the same inclusion, which is a 
common observation in the present welds, 
the sulfur-rich areas were poor in Ti and 
vice versa. Convergent beam diffraction 
patterns (CBDP's) obtained from the Ti-
rich edges correspond to a cubic com

pound with a lattice parameter of 0.42 
nm, which could be attributed to TiN, TiC, 
Ti(C,N) or TiO, since these compounds 
have the same cubic structure and similar 
lattice parameters, which are difficult to 
separate within the accuracy of electron 
diffraction analyses. However, the solidi
fication temperature of MnO • Si02 (Ref. 
7) gives an indication of the temperature 
interval in which the Ti compound can be 
formed, namely T < 1270°C (2318° F), if 
we assume it nucleates on the inclusion 

Analytical Electron Microscopy 

Inclusion microanalysis and crystallog
raphy: Figure 9 shows a secondary elec
tron micrograph of a typical weld metal 
inclusion with corresponding x-ray maps 
for the different constituent elements. 
The core of the inclusions is mainly a 
manganese silicate phase. The ratio of Si to 
Mn obtained with semiquantitative analy
ses (0.56) corresponds approximately, tak
ing into account the accuracy of the anal
yses, to the calculated one (0.52) for the 
MnO • Si02 phase. Selected area diffrac
tion patterns (SADP) obtained from an in
clusion with different beam directions 
could be indexed according to the tetrag
onal oxide MnO • Si02 with lattice pa
rameters a = 1.172 nm and c = 1.162 nm. 
However, SADP's obtained from other 
inclusions gave interplanar spacings close 
to those of the monoclinic or triclinic 
MnO • Si02 phases listed in the ASTM 
files. 

Fig. 4—Macrograph of 
the multipass SMA weld 
showing columnar 
zones and reheated 
regions. 
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Fig. 5 — Photomicrographs of the as-welded microstructures. Columnar zones: A-0.02% Cu; B— 1.4% Cu; C, D — coarse-grained reheated 
zones; E, F—fine-grained reheated zones. 
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Fig. 7 —SEM micrograph of the stress-relieved weld 
metal. A —Spheroidal carbides between FS(A) laths 
in the columnar zone. Carbide morphology and 
distribution in the FGRZ. B-0.02% Cu weld; 
C-l.4% Cuweld. 
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surface via solid-state diffusion from the 
matrix. Taking into account the solubilities 
of TiN and TiC in austenite and excluding 
the formation of TiO, owing to the infi
nitely low solubility of oxygen in 7-Fe, the 
compound that precipitates first is TiN. If 
we take 40 ppm as the nominal concen
tration of Ti, 80 ppm as the maximum 
concentration of nitrogen generally found 
in the welds, and the solubility product of 
TiN in austenite as: 

log10[Ti][N] = 3 . 8 2 - ^ ^ [ 8 ] 

then we predict TiN to form at tempera
tures =S980°C (1766°F). 

Assuming that the nucleation and 
growth of TiN is rate-limited by the diffu
sion of Ti in austenite and taking 
DTi = 6.5 X l O - 1 0 mm2/s at 980°C (Ref. 
8), the average diffusion distance of Ti is 
~0.025 i±m for t = 1 s. This may explain 
why TiN nucleates heterogenously at in
clusions, which are, in this case, the neigh
boring available sites. As the temperature 
continues to decrease, TiC, which has an 
extensive solubility in TiN (Ref. 8), is also 
likely to precipitate at temperatures be
low 830°C (1496°F), calculated using the 
solubility product of TiC in austenite given 
by Irvin, ef al. (Ref. 9). As a result, the 
compound formed at the inclusion/matrix 
interface is probably Ti(C,N). 

Convergent beam diffraction patterns 
obtained from the Cu- and S-rich edges 
correspond to a cubic structure with a lat
tice parameter of 0.538 nm. This value 
was also calculated from CBDP's obtained 
on discrete particles containing only Cu 
and S with small amounts of Mn (~2%) 
and is attributed to the cubic copper sul
fide Qu-\ • 6S, the lattice parameter of 
which is 0.541 nm. Otherwise, CBDP's 
from Mn- and S-rich areas on some inclu

sions showed a cubic compound with 
a = 0.518 nm, which can be attributed to 
a-MnS. The composition of the inclusions 
analyzed in the different welds remains 
unchanged, and it is concluded that in
creasing the copper concentration in the 
weld metal has no effect on the nonme
tallic inclusion chemistry. 

Copper Precipitation 

As welded: Copper precipitation was 
evident from carbon extraction replicas of 
weld metals down to Cu-concentrations 
of 0.66 wt-%. However, this has been 
found to affect only small and limited 
areas of the weld metals. The major parts 
were precipitate-free. In thin-foil speci
mens, extensive copper precipitation was 
observed in some areas of the 1.4% Cu 
weld. Figure 10A shows a centered dark-
field (CDF) micrograph of intragranular 
precipitates of e-Cu in the top bead weld 
metal. The precipitates are crystallograph-
ically related to the bcc-ferrite by the 
Kurdjumov/Sachs orientation relationship 
(Ref. 10) in agreement with previously re
ported work (Refs. 11-13). As can be 
seen, the precipitates are randomly dis
tributed, with various morphologies and 
sizes. Coarse precipitates (d =5 30 nm) 
were spheroidal in shape, finer ones 
(d < 10 nm) were plate-like or needle-
shaped. Grain boundary precipitation was 
also observed. However, no evidence for 
preferential e-Cu precipitation at these 
sites was found. On the other hand, rows 
of fine and closely spaced e-Cu precipi
tates were observed in the vicinity of 
some ferrite grain boundaries —Fig. 10B, 
similar to the interphase precipitation ob
served and described by Howell, ef al. 
(Ref. 12), and Ricks, etal. (Ref. 13), during 
isothermal transformation of Fe-Cu-Ni-al-

loys. This may suggest that AF growth oc
curs by a ledge mechanism, at least in the 
later stages of the transformation, as re
ported by Ricks, et al. (Ref. 14). 

Sfress relieved: Below 0.66% Cu con
centration, no copper precipitation was 
detected. Fine copper precipitates associ
ated with dislocations were observed in 
some isolated grains of the 0.66% Cu 
weld. Substantial recovery was achieved 
in the precipitate-free grains —Fig. 11A 
and B. 

Extensive precipitation of c-Cu was ob
served in the 1.4% Cu weld. Intragranular 
precipitation occurs mainly on dislocations 
as reported by many workers (Refs. 12, 
13). The resulting precipitates are ran
domly distributed and spheroidal in shape 
as described in the previous section. This 
is illustrated in Fig. 12A, which shows a 
CDF micrograph obtained using a copper 
reflexion. 

Grain boundary precipitation also oc
curs to a large extent —Fig. 12B and C. 
Comparison of Fig. 12B and C suggests 
two kinds of grain boundary precipitates: 
fine and closely spaced (Fig. 12B) or coarser 
precipitates —Fig. 12C. This may in turn 
suggest that the latter were formed in the 
as-welded state and have subsequently 
coarsened during the stress relief treat
ment. 

Discussion 

It is worth summarizing the main results 
presented above: 1) refinement of the 
secondary microstructures; 2) no variation 
of inclusion volume fraction, size distribu
tion and chemistry; 3) local precipitation of 
copper; 4) increase in the volume fraction 
of second phases; 5) the stress relief 
treatment leads to precipitation and sphe
roidization of carbides and precipitation 
of e-Cu, including grain boundary precip
itation in the 0.66 and 1.4% Cu welds; 6) 
increase in hardness, yield strength and 
ultimate tensile strength with increasing 
Cu content, with the highest values being 
obtained for the stress-relieved 1.4% Cu 
weld; and 7) the Charpy impact toughness 
properties remain almost stable up to 
0.66% Cu and are clearly impaired for 
1.4% Cu. The lowest impact properties 
were obtained for the stress-relieved 1.4% 
Cu weld. 

We now discuss each point briefly. The 
refinement of the secondary microstruc
ture, as well as the increase in the second-
phase volume fraction, are common ef
fects with alloying elements that depress 
the 7-to-a transformation temperature. 
Such effects have also been observed for 
carbon (Ref. 15), Mn (Ref. 4) and Ni (Ref. 
16). Another effect of Cu is to refine the 
prior austenite grain size. This could be 
explained in terms of solute drag effects 
on grain boundary motion or solute seg
regation effects as discussed by Gleiter, ef 
al. (Ref. 17). 
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Fig. 9 — Secondary electron micrograph. A — Inclusion; B-D — elemental x-ray maps. 

Despite a noticeable refinement of the 
prior austenite grain size (Table 3) with in
creasing Cu content, which thus increases 
the number of potential sites for the 
nucleation of grain boundary ferrite, the 
microstructure of the as-deposited W M 
remains predominantly AF with only a 
slight increase in PF (G) and FS (A). An ex
pected detrimental effect of a finer prior 
austenite grain size on the volume fraction 
of AF is, therefore, counterbalanced by 
the effects of the Cu addition via its influ
ence on the CCT diagram. The role of the 
nonmetallic inclusions on the formation of 
AF is not of lesser importance. The addi
tion of copper does not affect the chem
istry of the inclusions, and thus, their effi
ciency for AF nucleation. The existence of 
Ti(C,N) as coating, or as discrete particles 
on the inclusions, seems to be of primor
dial importance in this process, as re
ported by Es-Souni, et al. (Ref. 18), and Es-

Souni and Beaven (Ref. 19), where a more 
detailed discussion of the nucleation mech
anisms of AF on inclusions can also be 
found. 

The local precipitation of copper in the 
as-welded state is somewhat difficult to 
explain, since the cooling rate in SMA 
welding, an indication of which is given by 
the cooling time from 800° to 500°C 
(1472° to 932°F), At8 /5 , usually 8 to 10 s, 
is largely sufficient to retain Cu in solid so
lution for the range of Cu concentrations 
considered here. According to Wada, et 
al. (Ref. 1), the cooling rate necessary to 
retain copper in solid solution increases 
drastically with copper content. It is, for 
example, 14°C/s (25°F/s) for 1.4% Cu 
and 285°C/s (513°F/s) for 2.9% Cu. This 
suggests that some local areas of the 
present welds contain copper levels high 
enough to cause copper precipitation 
even with the high cooling rates usual in 

welding. This can be explained if segrega
tion of Cu is assumed to occur during 
solidification, as discussed by Easterling 
(Ref. 20). According to this author, solutes 
that extend the solidification range or 
possess a low partition coefficient, which 
is the case for Cu, will pile up in front of 
the moving solid/liquid interface under 
steady-state solidification; thus, leading to 
solute-enriched zones. Savage (Ref. 21) 
has estimated the width of such zones to 
be of the order of 0.01 mm in the case of 
SMA welding, which is in agreement with 
the present observations. Furthermore, 
rapid cooling, as usual in welding, may 
enhance segregation via effects on the 8-
liquidus and solidus lines, which can be ef
fectively extended below the peritectic 
temperature (Ref. 20). This may lead to 
extensive solute enrichment so as to ex
ceed the solubility limit of Cu in 7-Fe (or in 
a-Fe), with the result that precipitation of 
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Fig. 10 - Dark field micrographs of e-Cu precipitates in the as-welded 1.4 % Cu weld. A - Intragranular precipitates; B — fine precipitates adjacent to a 
ferrite grain boundary. 

Fig. 11 - Bright field micrograph of fine copper precipitates associated with dislocations in a ferrite grain. A—0.66 % Cu weld; B — extensive recovery 
in a precipitate free-grain. 

coarse e-Cu is apparent in the as-welded 
state-Fig. 10A. 

Furthermore, the possible segregation 
of copper may have caused partitioning 
of carbon between Cu-poor and Cu-rich 
austenite, due to higher repulsive interac
tions between C and Cu in 7-Fe, which 
can be inferred from the results of the free 
energy interaction coefficient in liquid di
lute Fe-alloys, compiled by Sigworth and 
Elliott (Ref. 22): e£u = 4 This can drive 
carbon to diffuse away from the Cu-rich 
areas, with probably a similar mechanism 
to that described by Darken (Ref. 23) for 
the Fe-Si-C system. The experimental re
sults obtained on the 1.4% Cu weld seem 
to confirm the above assumption inas
much as the Cu precipitate-free areas 
contained high proportions of twinned 

martensite, known to be high-carbon mar
tensite — Fig. 13A and B. In contrast, the «-
Cu-rich areas contained no martensite, in
stead, higher proportions of retained aus
tenite were observed —Fig. 13C. 

The local and limited character of cop
per precipitation has probably only a lim
ited effect on the increase in weld metal 
hardness and yield strength with increas
ing Cu content. Effects of solution hard
ening, the overall refinement of the mi
crostructure, and the observed increase in 
the second-phase volume fraction are 
certainly predominant. In the as-welded 
1.4% Cu weld, the second phases con
tained high proportions of brittle twinned 
martensite reported to impair toughness 
(Ref. 24). This, combined with the increase 
in FS(A) and maybe to a lesser extent the 

precipitation-hardening effects of e-Cu, is 
believed to be responsible for the in
crease in transition temperature and the 
decrease in the upper shelf energy for this 
weld. For Cu contents between 0.02 and 
0.66%, the impact toughness properties 
remain almost constant due probably to 
the high volume fraction of AF, the mod
erate increase in the second phases, and 
the overall refinement of the microstruc
ture. 

The effects of the stress-relieving treat
ment are similar to those of any temper
ing treatment (Ref. 6), i.e., recovery of the 
highly dislocated acicular ferrite, temper
ing of the martensite islands, spheroidiza
tion of grain boundary carbide films, and 
transformation of retained austenite. With 
respect to the latter point, the carbon-rich 
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Fig. 12 — (-Cu precipitation in the stress-relieved 1.4% Cu weld. A — 
Dark field micrograph of intragranular precipitates; B — dark field mi
crograph of fine intragranular precipitates and coarse grain boundary 
precipitates; C - dark field micrograph of fine and closely spaced 
grain boundary precipitates. 

Fig. 13 — Low magnificat/on bright field micrograph of an (-Cu 
precipitate-free region in the as-welded 1.4% Cuweld, showing large 
islands of twinned martensite (arrowed); B — high-magnification bright 
field micrograph of twinned martensite; C—bright field micrograph 
of the precipitate-rich zone showing retained austenite between the 
ferrite laths. 
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retained austenite adjacent to ferrite grain 
boundaries transforms giving rise to grain 
boundary carbide films; thus, limiting the 
beneficial effects (Ref. 25) of the stress-
relieving treatment on the impact tough
ness properties. Therefore, a compromise 
must be found between choosing longer 
stress-relieving times to spheroidize these 
carbide films, which in turn, involves car
bide coarsening and greater risks of 
temper embrittlement, or reducing the 
amount of carbon. The latter solution 
might be more suitable since the addition 
of Cu allows lower carbon contents to be 
adopted, while maintaining similar strength 
levels (Ref. 2). 

Additionally, as reported in other work 
(Ref. 1), precipitation of copper from the 
supersaturated a-solid solution occurs in
differently on dislocations or grain bound
aries with a subsequent increase in hard
ness. It is expected that the e-Cu precipi
tates formed in the as-welded state will 
coarsen during the stress-relieving treat
ment (for example, the grain boundary 
precipitates in Fig. 12B). However, no at
tempt was made to investigate the coars
ening behavior of these precipitates, ow
ing to the local character of the copper 
precipitation in the as-welded state as 
mentioned above. 

The extensive €-Cu precipitation, which 
includes coarse and closely spaced grain 
boundary precipitates, is probably the 
reason for the low toughness properties 
of the stress relieved 1.4% Cu weld. Since 
this does not affect, or affects only to a 
limited extent, the remaining welds, the 
toughness properties are therefore almost 
unchanged in comparison to the as-
welded state. We conclude, that it is pos
sible to add up to 0.66% Cu to the present 
welds; thus, gaining in strength, weldabil
ity and corrosion resistance (Ref. 6) with
out impairing impact toughness. 

Conclusions 

The effects of different copper levels 
on the microstructure, hardness, tensile 

and Charpy V-notch impact properties of 
multipass shielded metal arc C-Mn weld 
metal have been investigated both in the 
as-welded state and after stress relief of 2 
h at 590°C. The following conclusions can 
be inferred: 

1) The hardness and tensile strength 
increase with increasing Cu in the weld. 
Some softening occurs for the intermedi
ate Cu-levels after the stress relief treat
ment. Higher hardness and tensile strength 
were obtained for the stress-relieved 1.4% 
Cu weld in comparison to the as-welded 
state. 

2) A general refinement of the micro-
structure was observed with increasing 
Cu in the weld. In the as-welded state, the 
volume fraction of the second phase 
increases. These results can be explained 
in terms of the 7-stabilizing effect of Cu. 

3) No effects were observed on the 
distribution and chemistry of nonmetallic 
inclusions. These are believed to be active 
nucleation sites for acicular ferrite via 
Ti(C,N)-rich surfaces. 

4) Despite the high cooling rate, local 
precipitation of copper was observed 
(mainly in the 1.4% Cu weld) in the 
as-welded state. This can be explained in 
terms of local composition fluctuations of 
Cu due to segregation effects in the 
welds. 

5) The stress relief treatment leads to 
precipitation and spheroidization of car
bides and precipitation of e-Cu, including 
grain boundary precipitation, in the 0.66 
and 1.4% Cu welds. 

6) The excellent impact toughness 
properties are preserved up to 0.66% Cu 
for both the as-welded and stress relieved 
states, with gains in hardness, strength and 
probably corrosion resistance. 
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In October 1987, the PVRC Steering and Technical Commit tees on Piping Systems established a task 
group on independent support motion (ISM) to evaluate the technical meri ts of using the ISM method of 
spectral analysis in the design and analysis of nuclear power plant piping systems. 

The results of the task group evaluation culminated in a unanimous technical position that the ISM 
method of spectral seismic analysis provides more accurate and generally less conservative response 
predictions than the commonly accepted envelope response spectra (ERS) method, and are reported in 
this WRC Bulletin. The price of WRC Bulletin 352 is $25.00 per copy, plus $5.00 for U.S., or $10.00 for 
overseas, postage and handling. Orders should be sent with payment to the Welding Research Council, 
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