
Intergranular Attack of Steel 
by Mol ten Copper 

Depending on the composition and crystal structure 
of steel being surfaced with copper, stresses resulting 
from surfacing under a welding arc together with Cu 

penetration of steel grain boundaries can result in open 
cracks of significant size under the Cu deposit 

BY W. F. SAVAGE, E. F. NIPPES AND R. P. STANTON 

ABSTRACT. Grain-boundary penetra
tion of steel by copper-base alloys is 
known to occur during brazing oper
ations. The same property which 
makes the use of Cu-base alloys 
feasible for fi l l ing the narrow capillary 
gaps used in brazing causes the pene
tration of steel grain boundaries by Cu. 
This penetration during brazing nor
mally is of little concern, because no 
open gaps or cracks occur in the base 
metal. However, during the surfacing 
of steel by Cu using a welding arc, 
stresses are present which exaggerate 
the condit ion. As a result, surfacing 
produces open cracks'of significant 
size beneath the deposit. 

Certain steels have greater resis
tance to penetration because of their 
composition and crystal structure. This 
resistance is particularly evident dur
ing furnace brazing, where the ability 
of a steel to restrict Cu penetration can 
be measured by the depth of pene
trating arms and the dihedral angles 
which are formed. Alloy steels such as 
4340, 4140, and Type 304 stainless steel 
proved to be extremely susceptible to 
Cu penetration. Alloy and plain-
carbon steels, such as 1340, 1050, 
Armco iron, and carburized Armco 
iron, had penetration depths less than 
% that of the steels previously men
t ioned, as well as greater dihedral 
angles. A high-alloy ferritic stainless 
steel (grade Type 430) was almost 
completely immune to Cu penetra
tion. 

In order to duplicate the conditions 
which occur during the surfacing 
process, a fixture was devised which 
would stress steel samples whi le a 

GMA deposit of Cu was made upon 
them. The results of subsequent ten
sile tests indicate that the loss of 
strength and ducti l i ty is serious, partic
ularly for steels requiring heat treat
ment for maximum properties. For 
example, after quenching and temper
ing a specimen of 4140 surfaced wi th 
Cu wi th a prestress of 16 ksi, a 53% loss 
in tensile strength and a 90% loss in % 
elongation were noted, when com
pared to the similarly heat-treated 
base metal. 

Introduction 

During the process of depositing a 
Cu-base alloy on a steel substrate by 
means of a gas metal arc (GMA) 
process, grain-boundary penetration 
and cracking frequently occur. This 
study examines the causes of such 
cracking, the relative susceptibility of 
different steels, and the effect of grain-
boundary penetration on mechanical 
properties during this weld-surfacing 
process. 

The application, which was of par
ticular concern, involved depositing a 
Cu or gilding metal surfacing deposit 
on an artillery projectile. Wi th this 
process which was developed during 
the early 1950's, the deposits are 
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machined and act as rotating bands for 
artillery projectiles. The primary func
t ion of the rotating band is to engage 
the rifling in a barrel and impart a high 
rate of spin to the projectile. The spin 
stabilizes the shell in flight in a manner 
which is analogous to the stabilization 
achieved in arrows and rockets by 
their fins. A second funct ion of the 
rotating band is to allow the build up 
of gas pressure behind the projectile in 
the barrel. 

Originally, rotating bands were ap
plied by swaging a ring of metal into a 
prepared seat in the shell wall. 
However, it was found that welding 
had several advantages and could be 
substituted readily for the swaging 
process. The first shells surfaced by 
welding were manufactured from 
plain C steels such as 1050 and 1030. 
Because these steels were not ade
quate for improved designs in artillery 
ammunit ion, the use of oil-hardening 
steels, such as 4140 and 4340, became 
necessary. 

It was the introduction of new shell 
designs which first prompted a study 
of copper-steel interface phenomena. 
Copper penetration of steel grain 
boundaries during brazing is a com
mon occurrence, but the penetration 
during welding is more severe. Since 
all projectiles are examined for crack
ing using commercial magnetic parti
cle inspection, Cu penetration was 
seen as cracking. Copper is diamag-
netic and, therefore, gives the same 
indication as an open void. Further
more, it seemed certain that the new 
shell steels such as 4140 and 4340 
would be more susceptible to penetra-
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Fig. 1—Open and Cu-filled cracks in 4340 
steel which has been GMA surfaced with 
Cu. Nital etch, X250 (reduced 50% during 
printing reproduction) 

1 10! 
Fig. 2-Cracks at the surface of 4340 steel 
which has been GMA surfaced with Cu. Cu 
surfacing deposit has been chemically 
removed and center position has been 
machined. x2 (reduced 50% during print
ing reproduction) 

tion than 1030 or 1050 had been. 
During the weld-surfacing process, a 

Cu wire is fed as the electrode of a 
DCRP inert-gas-shielded welding arc. 
A second Cu wire is fed into the arc, 
when established, to add additional 
metal and reduce the intensity of the 
arc plasma which touches the steel. 
The projectile is rotated and the torch 
oscillated to produce the size of 
surfacing deposit desired. 

Historical Review 

Numerous researchers wi th in the 
Soviet Union have reported wide vari
ations in susceptibility of steel to 
grain-boundary penetration by Cu
base alloys. Asnis and Prokhorenko1 

found that Cu would not wet a ferritic 
steel, whereas a pearlitic steel was 
readily wet. They recognized that the 
cracks which form during the surfacing 
process are initiated by the same 
wett ing process which occurs during 
the brazing of steel. 

Bredzes and Schwartzbart2 con
tributed a great deal of knowledge 
concerning the propensity of Cu to 
penetrate steel grain boundaries dur
ing brazing. They reported that, in 
low-C steel, penetration does not 
occur immediately and must await 
diffusion of C to grain boundaries. 
They also reported observing no delay 
in Cu penetration of eutectoid steels. 

Fig. 3—Cracking tendency as a function of oscillation and shell-cooling prac
tice 

It is completely plausible for C to 
diffuse against a concentration gra
dient, i.e., from homogeneous distri
bution wi th in the grain to high 
concentration at grain boundaries.-1 

Bredzes further concluded that in alloy 
steels penetration is controlled by how 
those elements, which are present, 
influence the ability of C to seek out 
Cu-enriched grain boundaries. 

Bozhko'* developed an equation for 
the penetration of steel by immersion 
in molten Cu: 

X2 = 4Dt 

where X = depth of penetration, t = 
time, and D = diffusion coefficient, 
i.e., 

Q 
D = D„e RT 

His most significant conclusion, 
which would seem to corroborate the 
experimental findings of Bredzes, 
stated, " the activation energy for the 
boundary diffusion of molten Cu into 
steel depends on the composit ion of 
the steel; the higher the C content of 
the steel, the lower the activation 
energy." 

It is evident from the rate equation 
that both the temperature of the 
molten Cu and the t ime it remains 
molten are important determinants of 
penetration depth. These facts would 
seem completely logical and have 
offered the most easily regulated 
variables in the reduction or el imina
tion of cracking. 

Figure 1 illustrates, in a section 
perpendicular to Cu surfaced on 4340 
steel, numerous voids and Cu-fi l led 
cracks. Considerable penetration of Cu 
into prior austenitic grain boundaries 
has occurred. Because of the stress 
associated with the surfacing process, 
some areas are not completely fi l led 

with Cu; these are open voids. 
It is possible to remove a Cu band 

completely by a chemical etching 
technique wi thout damage to underly
ing steel. An example of this Cu 
removal is presented in Fig. 2 which 
shows the surfaced area from which 
the center portion was machined to 
disclose the depth of the cracks 
formed. Notice that the greatest 
amount of cracking occurs in the area 
of greatest melting of the steel. 

When cracking was first recognized 
in the application of Cu to 4000 series 
steels, a quick empirical study was 
made to find a way of eliminating or 
reducing the problem. Figure 3 dem
onstrates the influence that surface 
deposit size and different types of 
cooling on the shell wall have in 
reducing cracking. As a result, surfac
ing deposit widths were reduced and 
application of water spray beneath the 
puddle was utilized as a standard 
procedure. By such means, the time 
available for molten Cu to penetrate 
stressed austenite grain boundaries 
was reduced. 

Valermann and Osetniks in their 
experiments compared crack frequen
cy with types of application technique. 
Using a plasma arc, the authors were 
able to reduce greatly the cracking 
which had been experienced during 
submerged-arc surfacing. Thus, in ad
dit ion to reducing the length of t ime 
available for penetration to occur, the 
plasma arc apparently reduces the 
stress level by l imit ing the size of the 
heat-affected zone. A discussion of 
the source of stress in the surfacing 
process follows. 

Theory 

Intergranular penetration and crack
ing are related to the ability of a l iquid 
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metal to " w e t " metals in the solid 
state. As mentioned previously, empir
ical observations have shown a greater 
ease for Cu to penetrate austenite 
boundaries of certain grades of steel. 
Experimental evidence of such obser
vations, in the form of photomicro
graphs, is presented later. 

The term "we t t i ng " has been de
fined as: "A phenomenon involving a 
solid and a liquid in such intimate 
contact that the adhesive force be
tween the two phases is greater than 
the cohesive force wi th in the l iquid."6 

Intergranular penetration, which may 
be thought of as a special example of 
spreading of a fluid wi th in a grain 
boundary, represents an incoherent 
boundary between two phases. Smith' 
explains that the surface energies of 
the boundaries play an important role 
in determining the shape of the pene
trating phase. Figure 4 shows schemat
ically the type of structure which is 
formed in cases where a second phase 
/3 is located at the junction of three 
grains of the main phase a. After equil
ibration at temperatures above the 
melting point of phase /?, the shape of 
this included phase becomes adjusted 
to minimize the surface energy of the 
system. 

A balance of the surface tension 
forces determines the phase shape; 
these forces at the junction of the 
grain boundary (OC) and the two 
interphase boundaries (OA) and (OB) 
are shown in Fig. 4. If the surface free 
energies are denoted by yaa and ya/J 

respectively, then d is given by the 
relation:7 

ya 
2 yap cos 

If 2 Ya/3 < ya„, the dihedral angle is 0 
deg, and the second phase wil l spread 
as a continuous fi lm. Hot shortness of 
steel is caused by the spread of various 
low-melt ing-point liquids (sulfides) by 
this mechanism.8 

The values of yaa and yayS are difficult 
to determine. In the case of molten Cu 
and solid Fe, one source9 has experi
mentally determined yKe.Ke as 850 ergs/ 
cmJ and 2yFe.,.ll as 860 ergs/cm- at 2021 
F (1105 C). These values predict a 
dihedral angle of approximately 18 
deg. 

Thus far, the discussion has con
cerned the factors which influence 
grain-boundary penetration when the 
substrate steel is fully heated to the 
temperature of the molten Cu. During 
the surfacing of Cu on shell bodies, 
only a small portion of the wall thick
ness becomes austenitic. When ferrite 
transforms to austenite, a volume 
contraction occurs. However, because 
this contraction is restrained by the 
underlying ferrite, a tensile stress is 
applied to the steel directly beneath 
the molten Cu. This stress, in the 

Fig. 4—Schematic oi the location ot a second phase fi at the intersection of 3 
grains ol the primary phase a 

presence of a l iquid metal which has 
great affinity to penetrate austenite 
grain boundaries, produces the cracks 
seen in Fig. 1. Thus, the process of 
applying Cu surfacing deposits to steel 
is a distinct example of l iquid-metal 
embrittlement. 

Eborall and Gregory,1" in their paper 
on embritt lement by a l iquid phase, 
have compared surface-energy re
quirements to form a crack wi th and 
without a l iquid present. 

With transgranular cracking, the 
total energy required to form a crack is 
equal to the total area of the newly 
formed surface (two times the surface 
area of one side of the crack) mult i 
plied by the surface free energy per 
unit area, ys. Thus, the energy per unit 
area ET is equal to 2yB. 

In the case of grain-boundary crack
ing, the surface free energy of the grain 
boundary yaa must be subtracted from 
the surface free energy of the newly 
formed surface 2ys. Thus, the energy 
per unit area E,; is equal to 2ys-ya<r 

In the case of grain-boundary pene
tration by a l iquid, the surface free 
energy term ys must be replaced with 
the solid-l iquid free energy ya/i. Thus, 
the energy per unit area Ep is equal to 
2yap-yaa-

From energy determinations made 
in the Cu-Bi system, Eborall et a/1" 

found that the energy required to 
propagate a grain-boundary crack is 
some 15 times less if a l iquid is present. 
Eborall et al determined the variation 
of cracking energy E with dihedral 
angle, as fol lows: 

E = 2y„0 - ym 

but since, y„a = 2y„,! cos -

(see Smith7) 

therefore, E = yaa (sec r — 1) 

The experimenters concluded that, 
because the energy to form a crack 
does not change drastically at small 
angles (6 < 30 deg), differences in 
dihedral angle should not be used as 
crack-sensitivity criteria. However, the 
Griffith theory states that the stress to 
form a crack is proportional to the 
square root of the energy to form a 
new surface. If this is the case, the 
stress required to propagate a crack 
would be a much more sensitive indi
cator of cracking sensitivity. Experi
mental results of this research program 
wi l l corroborate that, given sufficient 
stress, cracking proceeds rapidly re
gardless of dihedral angle measured in 
unstressed specimens. However, dif
ferences in cracking sensitivity have 
been detected during actual welding 
operations where no augmented stress 
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had been applied. 
Stoloff11 does not believe that use of 

surface energies determined from wet
ting experiments can be used quantita
tively to measure crack-propagation 
energy. In his work, an equation is 
presented for the stress a to propagate 
a crack: 

o= ^ 
4a0c 

where 

E0 = Young's modulus 
y0 = Surface energy 
a0 = Interatomic spacing 
p = Crack radius 
c = Crack length 

Plastic deformation increases the 
effective crack radius and this in turn 
alters the surface energy term such 
that: 

Table 1—Composition of Steel Substrates Used in Study of Penetration, % 

Steel Mn Ni Cr Mo 

YoP 
Yeff = — 

do 

Stoloff explains that the presence of 
a l iquid wil l reduce y„; this was 
demonstrated in the studies of Eborall 
and Gregory.10 Although not calcu
lated quantitatively, it is frequently 
determined experimentally that the 
cohesive stress is reduced by liquids. 
Reduction of the cohesive stress 
prevents shear stress from blunting the 
crack tip. Thus, the l iquid-fi l led dis
continuity is always a sharp crack. It is 
further stipulated that for crack-insen
sitive materials, i.e., those with FCC 
lattice, liquid must always be present 
at the crack t ip to al low the crack to 
propagate at a reduced stress. It is 
known that Cu can easily fill a narrow 
capillary gap, such as a grain-boundary 
crack in steel. 

Experimental Procedures 

In the first stage of this study, Cu 
was furnace-melted on steel tabs to 
determine differences in Cu penetra
tion. The steel tabs, 2 in. (51 mm) 
square X Vi in. (6.4 mm) thick, were 
wrapped wi th Cu welding wire, placed 
on alundum grain, and heated in a dry 
H2 atmosphere (cracked NH:)) for 2 h at 
2050 F (1121 C). The welding wire, 
originally developed by Cyril Stanley 
Smith, has improved wett ing charac
teristics over that of pure Cu. Wire 
composition and the composit ion of 
steel alloys used in the study are given 
in Table 1. Each tab was sectioned and 
examined metallographically. 

Because a furnace environment 
does not develop the stresses asso
ciated wi th the surfacing process, a 
fixture was designed which would 
allow the application of selected loads 
to standard ASTM flat tensile spec
imens during the surfacing process. 
The fixture consists of a three-point 
loaded beam with one end supported 

4140 
4340 
1340 
1050 
1026 
Armco 

iron 
304 

stainless 
430 

stainless 

Composition 

Cu Pb 

98.82 N D " " 

0.40 
0.40 
0.40 
0.54 
0.25 

0.025 

<0.08 

<0.12 

of Copper , 

Fe Zn 

0.03 ND 

0.83 
0.68 
1.77 
0.69 
0.75 

0.045 

<2.00 

<1.00 

E/ectrode, 

Sn 

0.63 

0.012 
0.020 
0.027 
0.012 
0.040 

0.005 

-

-
% 
Bi Ni 

ND 0.005 

0.009 
0.013 
0.016 
0.030 
0.050 

0.015 

-

— 

Sb 

N D 

0.26 
0.28 
0.25 
0.19 

-

-

<1.00 

<1.00 

Al Mn 

ND 0.35 

0.11 
1.87 
0.10 

-
.-

-

10 

<0.50 

As 

\ [ ) 

0.94 
0.74 
0.12 

-
-

-

19 

16 

P Ag 

ND 0.005 

0.21 
0.25 
0.01 

-
-

— 

— 

-

Si 

0.14 

'"Not detectable 

by the tensile specimen, and the other 
by a force gage. A screw adjustment 
was provided to ensure a balanced 
load. The motive force is supplied by a 
20 ton (18 metric ton) hydraulic hand 
jack. The arc is initiated on a tab and 
travels transversely across the tensile 
specimen as illustrated in Fig. 5. A 
0.045 in. (1.14 mm) diameter Cu elec
trode was used wi th a 0.0625 in. (1.6 
mm) diameter auxiliary or " c o l d " (i.e., 
electrically neutral) Cu wire. The larger 
" co ld " wire prevents excessive melting 
of the steel. The energy input of 33 k j / 
in. (13 kj /cm) was selected so that 
transformation to austenite occurred 
throughout the transverse cross sec
tion of the tensile specimen. 

The GMA welding conditions were 
as fol lows: shielding gas—argon; cur-
rent-185 to 190 A; vol tage-20 to 21 V; 
travel speed—7 ipm (2.96 mm/sec). 

To check the accuracy of the load-
measuring system, a tensile specimen 

with an attached strain gage was 
loaded in a calibrated tensile machine 
and then in the fixture. The results 
showed acceptable accuracy for the 
load-measuring system. 

Each of a series of tensile specimens 
was preloaded and Cu surfaced in the 
fixture. The specimens were then heat 
treated, either by annealing or by 
quenching fol lowed by tempering for 
1 h at 1000 F (538 C). Tensile tests were 
conducted on the specimens after 
heat treatment. 

Results and Discussion 

Furnace Brazing Studies 

Figures 6 and 7 illustrate the inf lu
ence of C content on Cu penetration; 
Fig. 6 shows a photomicrograph of 
Armco iron, and Fig. 7 shows carbu-
rized Armco iron wi th approximately 
0.8% C. The depth of penetration in 

Fig. 5—Location of the tensile specimen in the fixture for applying stress during the Cu 
surfacing process 
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Fig. 6—Photomicrograph of Armco iron after furnace-brazing expo
sure to Cu for 2 h at 2050 F. Nital etch, X500 (reduced 47% during 
printing reproduction) 

Fig. 7— Photomicrograph of carburized Armco iron after furnace-
brazing exposure to Cu for 2 h at 2050 F. Nital etch, X500 (reduced 
47% during printing reproduction) 

Fig. 8—Photomicrograph of decarburized 
4340 steel after furnace-brazing exposure to 
Cu for 2 h at 2050 F. Nital etch, X500 
(reduced 59% during printing reproduc
tion) 

Fig. 9—Photomicrograph of 1026 steel after 
iurnace-brazing exposure to Cu tor 2 h at 
2050 F. Nital etch, X500 (reduced 50% 
during printing reproduction) 

Fig. 70— Photomicrograph of Type 304 stain
less steel after furnace-brazing exposure to 
Cu for 2 h at 2050 F. As polished, X50O 
(reduced 50% during printing reproduc
tion) 

both samples is low, and the dihedral 
angle is quite large. Thus, the C 
content did not exert as strong an 
influence on penetration kinetics as 
Bredzes and Schwartzbart predicted.2 

It is apparent that considerable dif fu
sion of Cu into iron has occurred, 
which has complicated the interpreta-

Fig. 11—Photomicrograph of Type 430 stain
less steel after furnace-brazing exposure to 
Cu for 2 h at 2050 F. Vilella's etch, X500 
(reduced 50% during printing reproduc
tion) 

t ion of these photomicrographs. 
The relatively minor effect of C 

content on Cu penetration was also 
noted when 4340 and 4140 steels were 
compared both in the as-received and 
decarburized conditions. The large 
depth of penetration and the relatively 
sharp dihedral angles, shown in Fig. 8 
for decarburized 4340 steel, are typical 
of those found in as-received and 
decarburized 4140 and 4340. In Fig. 8, it 
appears that the residual C, remaining 
after decarburization, has diffused 
toward the Cu-penetration arms. 

Figure 9 illustrates the significant 
depth of Cu penetration and the dihe
dral angle for 1026 steel. It appears that 
C has diffused away from Cu in this 
steel. In one prior-austenitic grain, 
completely surrounded by Cu, the C 
has been forced to the center of the 
grain, forming a pearlitic colony. 

Both 1340 and 1050 steels, similar to 
the Armco irons, showed only a small 
amount of Cu penetration during the 
furnace-brazing tests. As previously 
discussed, it was the replacement of 
1050 by 4140 which first demonstrated 
the need to investigate the Cu-pene
tration phenomena. 

Figures 10 and 11 illustrate two high-
alloy steels of special characteristics. 
Type 304 stainless steel, shown in Fig. 
10, is austenitic (FCC) at all tempera
tures. The depth of penetration and 

Fig. 12—Cracks in a 4340 steel specimen 
which has been GMA surfaced with Cu 
while under a 76 ksi stress. Cu has been 
chemically removed. 2x (reduced 50% to 
original size during printing reproduction) 

dihedral angles are of the same magni
tude as those found for 4140 and 4340 
steels. Because of the mutual solid 
solubility of Ni and Cu, extensive 
intermixing of the steel and Cu occurs 
in the system. In some cases, it was 
impossible to identify the original 
interface, as wi l l be noted in Fig. 10. 

The character of the microstructure 
illustrated in Fig. 11 for Type 430 stain
less steel is in sharp contrast wi th 
previous examples. In this case, the 
minor depth of penetration and the 
large dihedral angle (approximately 
100 deg) are indicative of a material 
which would not be affected by Cu 
surfacing. The influence of surface free 
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energy on the ab i l i t y o f a l i q u i d phase 
to w e t gra in b o u n d a r i e s has been 
discussed p rev ious ly . W i t h th is s tee l , 
t he mat r ix remains fe r r i t i c (BCC) even 
at 2050 F (1121 C). Con t ras t th is w i t h 
Type 304 stainless steel w h i c h , because 
o f t he h i g h - N i c o n t e n t , has h i gh 
m u t u a l so lub i l i t y w i t h Cu a n d w h o s e 

grain bounda r ies are easi ly w e t by Prestressed Specimen Studies 
m o l t e n C u . 

Russian invest igators 4 have r e p o r t e d 
behav io r i den t i ca l t o tha t o f Type 430 
steel w h e n Cu su r fac ing depos i t s w e r e 
depos i t ed o n h igh-Si t r ans fo rmer steel . 
These steels are also fe r r i t i c (BCC) at 
the m e l t i n g p o i n t of C u . 

Table 2—Effect of Prestress Dur ing Cu Surfacing on Mechanical Properties of Armco Iron 
and Carburized Armco Iron, Annealed after Surfacing 

Alloy 

Armco iron 

Armco iron 
Armco iron 
Armco iron 
Armco iron 
Armco iron 
Armco iron 
0.8%C Armco 

0.8%C Armco 
0.8%C Armco 
0.8%C Armco 
0.8%C Armco 
0.8%C Armco 

Prestress 
ks i " " 

Annealed 
only 

0 
8 
8 

16 
25 
25 

Annealed 
only 

0 
12 
16 
16 
20 

Yield 
strength, 

ks i " " 

18.2 

15.0 
15.5 
16.4 
17.1 
18.9 
18.3 
38.8 

23.3 
23.5 
23.3 
24.2 
25.5 

Tensile 
strength, 

ks i " " 

38.0 

37.4 
36.5 
35.2 
24.2 
25.3 
35.9<bl 

77.9 

58.3 
52.4 
30.5 
63.2 
37.2 

Elongation 
in 2 in., % 

45.5 

21.0 
18.0 
15.0 
6.6 
6.0 
9.1 

16.2 

26.2 
9.1 
3.8 
5.0 
3.8 

•'Multiply ksi by 6.895 to obtain MPa. 
'"Cu penetrated entire section. 

Table 3—Effect of Prestress Dur ing Cu Surfacing on Mechanical Properties of 4140 and 
4340 Steels Annealed after Surfacing 

Alloy 

4140 

4140 
4140 
4140 
4140 
4140 
4140 
4340 

4340 
4340 

Prestress, 
ksi'." 

Annealed 
only 

0 
10 
16 
24 
24 
32 

Annealed 
only 

16 
24 

Yield 
strength, 

ks i " 1 

51.1 

50.4 
50.8 
48.3 
49.2 
28.9 
51.0 
77.3 

66.5 
61.0 

Tensile 
strength, 

ksi"" 

100.1 

92.0 
94.7 
88.9 
78.3 
28.9 
76.4 

133.6 

96.8 
70.4 

Elongation 
in 2 in., % 

24.4 

24.0 
22.4 
11.0 
7.0 
1.6 
6.0 

16.0 

5.0 
3.0 

"Multiply ksi by 6.895 to obtain MPa. 

Table 4—Effect of Prestress Dur ing Cu Surfacing on Mechanical Properties of Types 304 
and 430 Stainless Steels Annealed after Surfacing 

Alloy 

304 
304 
304 
304 
304 
430 
430 
430 
430 

Prestress, 
ks i " " 

Annealed only 
0 
0 

14.6 
22.6 

Annealed only 
2.3 

34 
34 

Yield 
strength, 

ks i " 1 

29.2 
26.9 
27.4 
25.3 
21.3 
45.2 
51.1 
57.0 
48.4 

Tensile 
strength, 

ks i " " 

84.1 
55.8"" 
70.0 
58.9 
45.9 
72.8 
79.0 
84.9 
73.8 

EL 
in 

Dngation 
2 in., % 

73.0 
19.6 
35.8 
25.0 
12.7 
26.0 
18.0 
12.0 
11.8 

•'Multiply ksi by 6.895 to obtain MPa. 
'"Considerable intergranular penetration. 

The magnitude of the cracking 
problem was significantly greater 
when strp« was applied using the 
weld test fixture during the Cu-
surfacing process. As an example, Fig. 
12 shows the cracks which were 
revealed in a prestressed tensile spec
imen of 4340 steel after most of the Cu 
surfacing deposit had been removed 
chemically. 

Tables 2-5 outl ine the results of 
tensile tests performed on steel spec
imens which had been prestressed 
during the surfacing process. Some 
specimens were surfaced wi thout pre-
stressing, while others were tensile 
tested without Cu surfacing, as a check 
on base-metal properties. The majority 
of specimens were annealed after 
surfacing; these results are presented 
in Tables 2-4. Three groups of spec
imens were also quenched-and-tem-
pered after surfacing; these results are 
given in Table 5. The results of this 
prestressing study are summarized 
below. 

It was found that all steels, w i th the 
exception of Type 430 stainless, devel
oped cracks when sufficient prestress 
was applied. Furthermore, all steels 
which did crack had done so at a 
prestress level less than 16 ksi (110 
MPa). Figures 13 and 14 show the 
variation in the tensile strength, yield 
strength, and % elongation between 
annealed base-metal properties and 
those of tensile specimens which were 
surfaced wi th a prestress of 16 ksi (110 
MPa) and annealed after welding. 
There are significant reductions in the 
values of the elongation and tensile 
strength. However, the yield strength, 
which is of primary importance in 
structural designs, was not reduced 
substantially. 

The probable explanation for the 
retention of yield-strength properties 
can be understood by the observation 
that (in brazed joints) as the width of 
the capillary gap is reduced, the prop
erties approach those of the base 
metal. Thus, the complete fi l l ing of a 
grain boundary would certainly be 
analogous to a narrow capillary gap 
found in brazing. One sample of 
Armco iron was penetrated through its 
entire cross section by Cu during 
surfacing. The resultant mechanical 
properties of this sample fo l lowing 
annealing were better than those of a 
similar specimen which had not been 
completely penetrated—Table 2. 

It had been hoped that the thresh
old level of stress, at which a partic
ular steel began cracking, could be 
determined. However, it became evi
dent that the test procedure, which 
was capable of providing increments 
of prestress as small as 4 ksi (27.6 MPa), 
was not sufficiently sensitive to detect 
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Fig. 13—Mechanical properties of Type 304 
and 430 stainless steels and Armco iron 
before and after GMA surfacing with Cu 
with a prestress of 76 ksi. Annealed condi
tions 

tha t level . In genera l , h o w e v e r , t he 
greater t he prestress, t he greater was 
the loss in tens i le s t reng th a n d % e l o n 
ga t ion for a g iven steel . The loss in 
y ie ld s t reng th was m u c h m o r e g radua l ; 
in o n e case ( ca rbu r i zed A r m c o i r on ) , 
the y ie ld increased s l igh t l y w i t h 
increas ing level o f prest ress ing. 

A m u c h greater resistance to c rack
ing was e x h i b i t e d by T y p e 430 s ta in 
less, a steel p o o r l y w e t by Cu d u r i n g 
fu rnace s tud ies, t h a n by 4340, w h i c h 
exper ienced c o n s i d e r a b l e p e n e t r a t i o n 
and sharp d ihed ra l angles. W h e n b o t h 
steels w e r e prestressed to 40 ksi (275.8 
MPa) pr io r t o su r fac ing , abso lu te l y no 
c rack ing occu r red in Type 430 stainless 
steel , whe reas cons ide rab le c rack i ng 
occu r red in t h e 4340, as s h o w n 
prev ious ly in Fig. 12. 

In systems w h e r e l i q u i d - m e t a l e m 
b r i t t l e m e n t is caused by in te rg ranu la r 
p e n e t r a t i o n , t h e w e t t i n g b e h a v i o r o f 
t he l i q u i d can be m o r e i m p o r t a n t t han 
the level o f prestressing. For e x a m p l e , 
t w o spec imens o f T y p e 304 stainless 
w e r e sur faced w i t h o u t prestress
ing—Table 4. O n e o f these spec imens 
was severely pene t ra ted by Cu and 
suf fered a 73% loss in e l o n g a t i o n and a 
34% loss in tens i le s t r eng th . The o t h e r 
spec imen was less severely p e n e t r a t e d , 
and suf fered a 5 1 % loss in e l o n g a t i o n 
and a 17% loss in tens i le s t reng th . 
Because of t h e great a f f in i t y fo r Cu to 
w e t t h e grain b o u n d a r i e s o f th is s tee l , 
severe loss o f p rope r t i es can o c c u r 
even w i t h o u t a u g m e n t e d stress. 

S ign i f icant loss o f m e c h a n i c a l p r o p 
ert ies o c c u r r e d w h e n 4140, 4340, and 
0.8% C A r m c o i ron w e r e q u e n c h e d -
a n d - t e m p e r e d af ter sur fac ing—Table 
5. Both 4340 a n d 4140 behaved in such 
a b r i t t l e m a n n e r tha t a y ie ld s t reng th 
va lue c o u l d no t be d e t e r m i n e d . Tab le 
6 compares t he % loss in tens i le 
s t reng th and t h e % loss in % e l o n g a t i o n 
for samples w h i c h w e r e Cu -su r faced 
w i t h a prestress, a n d w e r e e i the r 
annea led or q u e n c h e d - a n d - t e m p e r e d 
after sur fac ing . The % loss was c a l c u 
lated us ing the a p p r o p r i a t e m e c h a n 
ical p roper t ies o f t h e base me ta l w h i c h 
had been e i the r annea led or 
q u e n c h e d - a n d - t e m p e r e d w i t h o u t be
ing sub jec ted to t h e su r fac ing p ro 
cess. 

As may be n o t e d f r o m Tab le 5 and 
Fig. 15, spec imens tha t are q u e n c h e d -
a n d - t e m p e r e d to b r i ng ou t t h e h ighest 

Fig. 15—Mechanical properties of 4340 and 
4140 steels and carburized Armco iron 
before and after GMA surfacing with Cu 
with a prestress of 76 ksi. Both annealed 
and quenched-and-tempered conditions 
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Fig. 14—Mechanical properties of 4340 and 4140 steels and carburized Armco iron 
before and after GMA surfacing with Cu with a prestress of 76 ksi. Annealed 
conditions 
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Table 5—Effect of Prestress Dur ing Cu Surfacing on Mechanical Properties of 4140 and 
4340 Steels, and Carburized Armco Iron, Quenched-and-Tempered after Surfacing 

Alloy 

4140 

4140 
4140 
4340 

4340 
0.8%C 
Armco 
0.8%C 
Armco 

Prestress, 
ks i " " 

Quenched-and-
tempered only 

16 
24 

Quenched-and-
tempered only 

16 
Quenched-and-
tempered only 

16 

Yield 
strength, 

ks i " " 

150.0 

(b ) 

rb) 

165.9 

l b ) 

65.4 

50.0 

Tensile 
strength, 

ksi'*» 

167.0 

88.0 
56.9 

174.7 

101.9 
90.0 

50.4 

Ell 
in 

^ngation 
2 in., % 

15.0 

1.6 
0.8 

15.2 

1.5 
16.6 

1.6 

"Multiply ksi by 6.895 to obtain MPa. 
"'Material too brittle for yield-strength determination. 

po ten t ia l p roper t ies o f t he hea t - t rea t 
able steel are most severely a f fec ted by 
the presence o f o p e n cracks. N o t e 
also, as s h o w n for 4140, tha t t he loss in 
mechan ica l p rope r t i es is greater for 
h igher values o f prestress levels. 

It is o b v i o u s that steels b e c o m e 
more n o t c h sensi t ive w h e n q u e n c h e d -
a n d - t e m p e r e d to h i g h - s t r e n g t h levels. 
In t he presence o f cracks par t ia l l y 
f i l led w i t h C u , of t he t ype s h o w n in 
Fig. 1 , t he m e c h a n i c a l p rope r t i es are 
adversely a f fec ted . Cracks o f th is t ype 
w i l l p ropaga te d u r i n g tens i le tes t ing in 
a b r i t t l e fash ion in a steel w h i c h has 
been heat t rea ted to h i g h - s t r e n g t h 
levels a n d , as a resul t , has b e c o m e 
n o t c h sensi t ive. F inal ly , t he resul ts 
agree w i t h those o f Rostocker et a/12 

w h o f o u n d that fo r a g iven a l loy 
c o m p o s i t i o n , h i gh -s t r eng th a l loys 
we re m o r e severely e m b r i t t l e d by 
l i qu id meta ls than w e r e l o w - s t r e n g t h 
al loys. 

C o n c l u s i o n s 

t. W h e n stresses are no t p resent , 

the ease w i t h w h i c h a m o l t e n Cu a l loy 
w i l l pene t ra te steel gra in b o u n d a r i e s is 
d e t e r m i n e d by t h e c o m p o s i t i o n o f t he 
steel. 

2. The ease of g r a i n - b o u n d a r y p e n e 
t ra t ion by Cu i n t o a steel can be 
measured by t he p e n e t r a t i o n d e p t h 
and the d ihed ra l ang le . A smal ler d i h e 
dral ang le signals a greater ease o f 
pene t ra t i on . 

3. O f those a l l o y i n g e l e m e n t s c o m 
m o n l y f o u n d in s tee l , C exerts t h e least 
i n f l uence o n p e n e t r a t i o n d e p t h a n d 
d ihed ra l ang le . 

4. For a steel u n d e r g o i n g Cu sur fac
ing, t h e stress r e q u i r e d to i n i t i a te a 
crack is reduced subs tan t ia l l y if t he 
austen i t i c gra in b o u n d a r i e s are w e t by 
Cu. 

5. W h e n g r a i n - b o u n d a r y p e n e t r a 
t i on occurs , stress a p p l i c a t i o n d u r i n g 
the sur fac ing process resul ts in pa r t i a l 
l y - f i l l ed or o p e n cracks in t he steel . 

6. Because so l id Cu in a gra in 
b o u n d a r y is ana logous t o a braze in a 
na r row cap i l la ry gap , t h e mec han i c a l 
p roper t ies o f a steel w h i c h is in t he 
annea led c o n d i t i o n are not great ly 

Table 6—Effect of Cu Surfacing on 

Alloy 

0.8%C 
Armco 
0.8%C 
Armco 
4140 
4140 

4140 
4140 

4340 
4340 

Prestress 
during 

surfacing, 
ks i " " 

16 

16 

16 
16 

24 
24 

16 
16 

the Loss in Postheat-Treated Mechar 

Postheat 
Treatment 

annealed 

quench 
& temp. 
annealed 
quench 
& temp. 

annealed 
quench 
& temp. 
annealed 
quench 
& temp. 

Loss in 
Tensile 

Strength, % 

19 

44 

11 
53 

22 
66 

28 
42 

lical 

Et 

Properties 

Loss in 
angation, % 

69 

90 

55 
90 

71 
95 

69 
90 

"Multiply ksi by 6.895 lo obtain MPa. 

impa i red after Cu sur fac ing . 
7. N o t c h - s e n s i t i v e h e a t - t r e a t e d 

steels lose m u c h of the i r s t reng th and 
d u c t i l i t y w h e n par t ia l l y f i l l ed Cu 
cracks are present . 

8. Steels w h i c h rema in fe r r i t i c at t he 
m e l t i n g p o i n t of Cu w i l l no t lose 
s t rength as a result o f exposure to 
m o l t e n C u . 

9. C o m m o n steels c o u l d no t be 
segregated o n the basis o f resistance to 
in te rg ranu la r c rack ing w h e n ar t i f i c ia l 
stress was app l i ed . H o w e v e r , resis
tance was d e t e c t e d d u r i n g f u rnace -
m e l t i n g s tud ies and f r e q u e n t e m p i r i c a l 
observa t ions d u r i n g m a g n e t i c - p a r t i c l e 
i nspec t i on of w e l d e d sur fac ing ro ta t 
ing bands. 
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