
Morphology and Composition of Bond Zones in 
Some Invar-Based Explosive Welds 

Complex patterns of plastic flow and solidified melt 
areas can be found at the explosive weld interface 
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ABSTRACT. The paper deals with detailed 
studies conducted on the bond zones in 
some Invar-based explosive weld combi
nations. The study becomes significant in 
view of the importance and wide applica
bility of these weld materials in bimetal 
industry. Metallography and electron mi
croprobe techniques were employed. The 
bond zones and the adjoining regions 
showed characteristic features typical of 
the explosive welding process. Complex 
patterns of plastic flow and formation of 
solidified melt areas were revealed at the 
interface. Microhardness values measured 
across the weld interface are reported. 

The bond zones were scanned for ele
mental distribution and also quantitative
ly analysed for their composition. Point 
analysis of the solidified melt areas indi
cated alloy mixtures of both the parent 
metals involved. However, there could be 
a chance combination of elements ap
proximating the composition of an inter
metallic compound. Sharp changes in 
composition and microstructure rule out 
the possibility of diffusion being oper
ative at the interface. 

Introduction 
Explosive welding is a high energy 

rate forming technique which is in
creasingly employed to provide sound 
metallurgical bonding between metal
lic surfaces. This technique can be 
employed not only for combinations 
of similar metals but also dissimilar 
metals with widely varying properties 
such as Invar-brass, aluminum-
stainless steel, titanium-steel, etc. This 
technique is particularly suitable for 
producing the base composite plates 
for the manufacture of bi-metals, 
which by suitable combinations can be 
successfully used for temperature 
ranges of — 150C to +500C. Ex
plosively welded composite plates pos
sess excellent joining properties at the 
interface and can successfully with-
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stand the normal metalworking oper
ations such as rolling and forming. 
Such materials find wide application in 
the chemical process industry, mints 
as well as the electrical and electronic 
industries. 

To develop sound weld composites 
it is essential to understand the nature 
and mechanism of the bond zone 
formation with resulting structural 
changes taking place in the vicinity of 
the interface. Various explosion con
ditions and the different types of 
bonds obtainable have been studied by 
Klein,1 Holtzman,2 Baharani and 
Crossland,3 Holtzman and Cowan.4 

The anisotropic stress distribution at 
the bond area and the characteristic 
microstructural features have been in
vestigated by Trueb5 with the help of 
electron microscopy in weld combina
tions involving titanium, copper and 
steel. The present authors6 have in
vestigated the nature and composition 
of the bond zones in detail in four 
combinations involving aluminum, 
brass, copper, stainless steel welded to 
mild steel with the help of an electron 
probe microanalyser. Some results 
though not comprehensive have also 
been reported on titanium-titanium, 
titanium-stainless steel, mild steel-
copper and mild steel-brass by some 
other workers.7*8*9 

In the present paper four weld 
combinations used in the bimetal in
dustry have been investigated for the 
metallurgical nature of the weld zones 
employing metallography and elec-
tronprobe techniques. These combina
tions have Invar as the common com
ponent with brass, stainless steel, high 
expansion Mn-base alloy and alumi
num as the second component. 

Experimental 
Four weld combinations (Invar-

brass, I n v a r - s t a i n l e s s steel, Invar-

m a n g a n e s e a l loy and I n v a r -
aluminum) were prepared along the 
longitudinal sections and examined 
under the microscope at suitable mag
nifications. Invar and the high expan
sion manganese-base alloy were spe
cially prepared in the laboratory for 
use in these experiments, the other 
alloys being of commercial origin. The 
weld interfaces were examined both in 
the etched and unetched conditions 
for purposes of revealing the micros
tructure as well as the presence of 
cavities and microcracks. In general, 
the interface revealed a wavy pattern 
changing in amplitude and wave length 
from area to area depending on the 
explosion parameters. Etchants had to 
be carefully selected for revealing the 
nature of the weld interface as well as 
the microstructural changes taking 
place in the vicinity. A Leitz Miniload 
Tester was used to make microhard
ness measurements across the weld 
interface covering the parent metals 
also. These readings were useful in 
knowing the mode of formation of 
intermediate zones, the presence of 
any heat affected zone and the extent 
of plastic flow at the interface and the 
adjoining regions. 

The electron probe microanalyser, 
being a powerful tool to investigate 
localized changes in chemical com
position, has been employed to investi
gate the complex regions at the inter
face. A Cameca Microsonde electron 
probe unit was used for this study. 
Longitudinal sections of the welds 
were scanned and the electron and 
X-ray images of the elements record
ed. Quantitative measurements were 
conducted using pure elemental stan
dards. Measurements were taken with 
the electron beam striking normal to 
the specimen surface. The beam cur
rent was held constant at 0.1 ^A. 
Suitable corrections were applied to 
the measured concentrations. 
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Fig. 1—Microstructures of parent metals showing bond zone formation, (a) Invar— 
brass weld (X160); (b) Invar—stainless steel weld (X400); (c) Invar—Manganese alloy 
weld (X400) (d) Invar—Aluminum weld (X160) 
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Fig. 2—Structure and formation of the intermediate zones marked A. (a) Invar -
brass weld (X400); (b) Invar—stainless steel weld (X800); (c) Invar—Manganese alloy 
weld (X800) (d) Invar—Aluminum weld (X160) 

Results of Metallography Study 
The longitudinal sections of the 

four Invar-based explosive welds were 
metallographically examined and the 
characteristic microstructural features 
noticed at the weld interface and the 
adjoining regions were recorded at 
suitable magnifications in the photo
micrographs shown in Figs. 1-4. The 
wavy weld interface is due to the 
jetting action associated with explosive 
welding. Microscopic examination re
vealed a number of unusual features 
like the presence of intermediate 
zones, interlocking islands of different 
metals, severe plastic flow, extensive 
twinning and narrow bands of recrys

tallized grains. The phenomena that 
give rise to the above interesting chan
ges are described in subsequent par
agraphs. 

Intermediate Zones and Entrapment 
Figures la-d show the photomi

crographs bringing out clearly the mi
crostructures of the parent metals 
with the intermediate zones forming 
in between. The intermediate zones 
were forming as pockets at the crest 
regions at some places and as continu
ous layers at other places. The micro-
structures of the parent metals (Invar, 
a-B brass, stainless steel. Manganese 
alloy) are revealed in the above pho
tomicrographs. 

Figures 2a-d show the intermediate 
zones (marked A) found at the inter
face in the four types of welds 
studied. Fig. 2a shows a homogeneous 
zone adjoining the crest region in the 
Invar-brass explosive weld. 

Figure 2b shows a typical zone of 
solidified molten metal at the interface 
of the Invar-stainless steel weld. The 
columnar grain structure typical of 
cast metals seen within this zone indi
cates localized melting of thin ad
jacent layers of parent metals fol
lowed by rapid solidification. It is 
evident from the microstructure of 
these zones that the heat is extracted 
away from either side through the 
thick solid layers of the parent metals. 
In addition to such continuous layers, 
some island formations were also no
ticed of the solidified melts. 

A r e p r e s e n t a t i v e b o n d zone 
(marked A) in the Invar-manganese 
alloy weld is shown in Fig. 2c, where 
some grain structure is noticed. Study 
of the bond area in this weld combi
nation is of particular significance in 
view of its importance in bi-metal 
manufacture. The two components, 
Invar and Mn-alloy, differ widely in 
their coefficients of thermal expan
sion—the former being a low expan
sion alloy and the latter a high expan
sion alloy. 

A comparatively thin formation of 
the intermediate zone is shown in Fig. 
2d for the Invar-aluminum weld. This 
weld combination presented maximum 
difficulty during specimen preparation 
as the two parent metals differ widely 
in hardness thus giving rise to large 
level difference. 

Another interesting feature ob
served at the interface in all the four 
combinations studied is a complex 
pattern of streaks involving entrap
ment of one metal into the other and 
interlocking of the intermediate zones 
with small islands of the parent metals 
as shown in photographs 3a-d. 

Microstructural Changes in 
Parent Metals 

Enhanced rates of etching noticed 
at the interface and neighborhood 
denote a complex pattern of plastic 
flow at the contact regions. A charac
teristic feature noticed in the immedi
ate vicinity of the interface is the 
presence of a set of fine recrystallized 
grains extending only over a narrow 
region. Two photographs showing 
such recrystallized grains in the case 
of brass and manganese alloy are 
shown in Figs. 4a and 4b respectively. 
The heat generated during collision of 
the cladding plates could give rise to 
localized melting and during subse
quent rapid solidification heat is ex
tracted away from either side thus 
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recrystallizing several solid layers of 
the parent metals in the process. 

Extensive plastic deformation oc-
curing in the parent metals as a result 
of the collision gives rise to deforma
tion markings and twins. Fig 4c re
veals a high density of strain markings 
and deformation twins in the a-grains 
of the brass. Similarly, the extent of 
grain flow and presence of strain 
markings in the austenite grains of the 
stainless steel are shown in Fig 4d 
whereas the microstructure of the 
manganese alloy is revealed in Fig 4e. 

Microhardness Measurements 
Microharness measurements were 

taken using the Leitz Miniload tester 
across the interface in the four combi
nations to ascertain the nature and 
strength of the weld zones. In some 
cases an initial decrease in hardness 
values was noticed starting from the 
interface, followed by an increase 
away from it. The reason for this 
could be attributed to the partial re
crystallization taking place in the ad
joining regions. Microhardness values 
taken on the intermediate zones are 
presented in Table I. 

The hardness values of the interme
diate zones indicate that these zones 
are generally mixtures of both parent 
metals involved, even though there 
could be a chance combination of 
elements forming an intermetallic 
compound giving high hardness at cer
tain places. In the case of the Invar-
aluminum weld, the zone was so thin 
that it could not accommodate any 
hardness indentation. 

Results of Electron Probe 
Microanalysis 

The bond zones in all the four weld 
combinations were analysed qualita
tively and quantitatively for nature 

il**?****. 

Fig. 3—Entrapment of small islands of parent metals and intermediate zones, (a) 
Invar—brass weld (X400); (b) Invar—stainless steel weld (X400); (c) Invar—Manganese 
alloy weld (X400); (d) Invar—Aluminum weld (X400) 

Table 1—Microhardness Measurements 

Type of weld 

Invar-brass 

Invar-stainless steel 

Invar-manganese alloy 

Invar-aluminum 

Parent 

210-255 
(Invar) 
245-265 
(Invar) 
220-245 
(Invar) 
220-260 
(Invar) 

metals 

110-122 
(brass) 
270-400 

(stainless steel) 
145-176 

(manganese alloy) 
44-46 

(aluminum) 

Inter mediate zone 

297 

340 

206 

— 

Fig. 4—(a) Presence of fine 
recrystallized grains in the a-

phase of brass region adjoining 
the interface (X300); (b) Presence 

of a narrow heat-affected zone 
containing fine recrystallized grains 

in the Mn-alloy adjoining the 
interface (X300); (c) Formation of sets 

of deformation markings and 
twins in the a-grains of brass 

just below the interface (X300); 
(d) Grain flow and presence of deforma

tion markings in the austenite 
grains of stainless steel just below 

the interface (X300); (e) Micro-
structure of high expansion 

manganese-base alloy (X300) 

l l l l 
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DISTANCE IN MICRONS 

Fig. 5—X-ray images and line scan of elements present in the 
intermediate zone (A) of Invar—brass weld, (a) X-ray image 
of Fe; (b) X-ray image of Ni; (c) X-ray image of Zn; (d) X-ray 
image of Cu; (e) Line scan of Fe, Ni, Cu and Zn along the 
line XY 
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Table 2 - Point A 
Solidified Melt Z 

(a) Invar 

1 
2 
3 
4 

(b) Invar 

1 
2 
3 
4 
5 

(c) Invar 

1 
2 
3 
4 

(d) Invar 

1 
2 
3 

-Brass 
Fe 
9.2 
9.9 
9.4 

11.0 

rialysis 
ones 

Ni 
6.0 
5.8 
4.5 
4.8 

-Stainless Stee 
Fe 

60.0 
59.3 
61.8 
61.3 
60.9 

Ni 
30.8 
31.8 
28.4 
29.3 
29.5 

of 

Cu 
53.7 
54.9 
59.4 
56.7 

Cr 
7.8 
7.9 
8.9 
8.9 
8.9 

Manganese Alloy 
Fe 

13.4 
7.8 
5.9 
7.9 

Ni 
17.8 
18.1 
25.8 
21.9 

Aluminium 
Ni 

19.4 
24.7 
34.9 

Fe 
19.5 
23.5 
28.4 

Cu 
14.5 
15.4 
22.6 
22.4 

Al 
58.5 
48.7 
32.4 

Zn 
27.9 
27.9 
30.4 
27.2 

Mn 
54.4 
58.2 
46.5 
48.4 

Fig. 6—Electron and X-ray images and line scan of elements 
present in the intermediate zone of Invar—stainless steel 
weld, (a) Electron image of the intermediate zone A; (b) X-ray 
image of Cr; (c) X-ray image of Ni; (d) X-ray image of Fe; (e) 
Line scan of Fe, Cr and Ni along the line XY 

and composition. A scanning pro
cedure recorded X-ray images not
ing the distribution of the different 
elements present. Point-to-point an
alysis conducted at a number of spots 
within these bond zones determined 
the exact percentages. The measured 
concentrataions were corrected for ab

sorption effect by Philibert's meth
od,10 for fluorescence by Reed's 
method11 and for atomic number 
effect by Duncumb & Reed's meth
od12 wherever necessary. Results ob
tained for the individual weld combi
nations are presented below. 

Invar-Brass Weld 

This combination showed a number 
of intermediate zones formed at regu
lar intervals along the wavy inter
face. One such representative zone 
(marked A) was scanned and the 
distribution of the elements Fe, Ni, Zn 
and Cu are shown in the X-ray images 
of Figs. 5a-d respectively. 

As can be seen from Figs. 5a and b, 
Fe and Ni are present in amounts 
lesser than in Invar. In a similar way, 
Cu and Zn also are depleted, though 
to a much smaller extent, in Figs. 5c 
and d compared to the amounts 
present in brass. Entrapment of a 
small pocket of Invar inside the brass 
portion is also seen in the photographs 
(marked B in Fig. 5a) and the conse
quent enrichment of this spot in Fe 
and Ni and total absence of Cu and 
Zn. 

Point analysis carried out at four 
different spots in the intermediate 
zones is given in Table 2: It can be 
seen that Cu and Zn contents in the 

intermediate zones are not very much 
less compared to those of the parent 
brass, whereas Fe and Ni contents are 
much depleted. The concentrations do 
not appear to follow any definite trend 
except suggesting an elemental mix
ture. The same fact is also clear from 
the line scan of these four elements as 
given in Fig. 5e. 

Invar-Stainless Steel Weld 
Figure 6 shows the electron and 

X-ray images revealing the distribu
tion of Cr, Ni and Fe in this weld 
combination over an area of 100 X 
100/i within the intermediate zone 
marked A. Figure 6b shows the de
pleted presence of Cr in this zone 
compared to that present in the stain
less steel, whereas the distribution of 
Ni is shown in the X-ray image (Fig 
6c). As both the parent metals in this 
weld combination are iron-based, the 
X-ray image for Fe does not clearly 
carve out the mixture zone (Fig. 6d) . 

Point analysis has been conducted 
at five different points in the mixture 
zones and results given in Table 2. As 
the figures indicate, Cr is about half of 
the amount present in the stainless 
steel, whereas Ni is nearer to the 
content of Invar. The same findings 
can also be seen in the line profile of 
the three elements (Fig. 6e). 
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Invar-Manganese Alloy 

The manganese alloy contains 72% 
Mn, 16% Cu and 12% Ni, whereas 
the Invar is an Fe-36% Ni alloy. 
Figure 7 gives the electron and X-ray 
images showing the distribution of the 
elements Mn, Cu, Ni and Fe within a 
representative mixture zone marked A 
over an area 50 X 50 /x. X-ray images 
for Cu, Ni and Fe (Figs. 7c, d and e 
respectively) show the same trend of 
depletion compared to those present 
in the corresponding parent metals, 
whereas the X-ray image of Mn (Fig 
7b) does not show this trend but 
indicates enrichment instead. 

Thus the observations on this Mn-
base alloy appear to be different. The 
peculiarity observed in this case is that 
the mixture zone shows a higher Mn 
content than the adjoining layers of 
the parent Mn alloy. This low level of 
Mn prevails over a distance of about 1 
mm from the interface beyond which 
the Mn content reaches its normal 
level of 72%. 

The point analysis carried out at 
four different spots is also given in 
Table 2. Mn content of the mixture 
zone is between 46 and 58% whereas 
the adjoining layers of the Mn-alloy 

show Mn only of the order of 35%. 
The Fe content seems to be very 
much depleted within the zone being 
as low as 6 to 8%. All the above 
mentioned observations can be read at 
a glance in the line scan of all the four 
elements (Fig. 7f). 

Invar-Aluminum Weld 

Figure 8 shows the electron and 
X-ray images of Ni, Fe and Al over 
an area of 50 X 50/* in a mixture 
zone of this weld combination. The 
X-ray images clearly bring out the 
depletion of Fe and Ni in this zone 
compared to those amounts present in 
Invar and a similar depletion of Al. 
Thus the concentrations indicate an 
elemental mixture within the interme
diate zone. A point analysis taken at 
three different spots is given in Table 
2d. The concentrations indicate no 
definite trend and hence no suggestion 
of the formation of any intermetallic 
compound. The same observations are 
supported by the line scan as given in 
Fig. 8e. 

Discussion 
In view of the importance of these 

materials (Invar, brass, stainless steel 

and Mn-base alloy) in the bimetal 
industry, a systematic effort has been 
made to study the nature and com
position of the bond zones and the 
resultant microstructural changes tak
ing place in the adjoining regions of 
the interface in four weld combina
tions keeping Invar, a low expansion 
alloy as the base. Figures 1 through 8 
summarize the results obtained by the 
metallography and electron probe 
studies. 

The different types of intermediate 
zones in the weld combinations are 
shown in Figs. 1 and 2. The elemental 
concentrations measured within the 
zones and the morphology noticed at 
the interface regions clearly indicated 
localized melting of thin layers of 
parent metals at the contact faces and 
subsequent rapid solidification. The in
termediate zone noticed at the inter
face of the Invar-stainless steel weld 
(Figs. 2b and 3b) shows a columnar 
grain structure typical of cast metals. 
The other unusual features like en
trapment of discrete colonies (Figs. 
3a, c, d ) , presence of sets of strain 
markings (Figs. 4c and d) , recrystalli
zation of thin layers of parent metals 
(Figs. 4a and b) indicate a complex 
pattern of plastic flow at the contact 

Fig. 7—Electron and X-ray images and line scan of elements 
present in the intermediate zone of Invar—Manganese alloy 
weld, (a) Electron image of the intermediate zone A; (b) X-
ray image of Mn; (c) X-ray image of Cu; (d) X-ray image of Ni; 
(e) X-ray image of Fe; (f) Line scan of Mn, Cu, Ni and Fe 
along the line XY 
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Fig. 8—Electron and X-ray images and line scan of elements 
present in the intermediate zone of Invar—aluminum weld, 
(a) Electron image of the intermediate zone A; (b) X-ray 
image of Ni; (c) X-ray image of Fe; (d) X-ray image of Al; 
Line scan of Ni, Fe and Al along the line XY 
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regions. 
The microhardness measurements 

taken within the weld zones generally 
support the view held by the probe 
studies that these zones are predomi
nantly alloy mixtures of both the par
ent metals involved. The hardness 
readings taken from the interface 
towards the interior of the parent 
metals generally showed an initial de
crease which could be attributed to 
the recrystallization of a thin layer 
adjacent to the interface. However, 
the presence of any heat affected zone 
adjacent to the interface was ruled out 
by Holtzman and Cowan4 in their 
study on copper-steel clads. But the 
presence of a heat affected zone was 
clearly noticed in a number of weld 
combinations investigated by us in this 
paper as well as earlier.13 

The qualitative and quantitative 
probe analysis of the bond zones gen
erally indicated a range of alloy com
positions in between the two corre
sponding parent metals (Table 2 ) . 
Results further indicate the presence 
of the elements studied in proportions 
practically independent of their mutu
al solubilities under equilibrium. Simi
lar observations were made by Berdi-
cheski & Sobolenko8 in a study of a 
steel-copper weld. The elemental an

alysis of the weld zones did not indi
cate the formation of any intermetal
lic compound in any of the weld 
combinations investigated by the au
thors either in the present study or in 
an earlier one.0 However, Crossland 
et al14 refer to the formation of an 
intermetallic compound at the inter
face of a steel-copper weld tube. 

Even though the observations on 
the rest of the three combinations are 
similar and in line with our earlier 
interpretation, the weld composite, In
var—manganese alloy, presented 
some anomalies with respect to the 
composition of the bond zone and the 
adjoining region within the manganese 
alloy. The bond zone exhibited higher 
Mn content compared to the adjacent 
layers of the parent Mn-alloy itself. 
The depletion of Mn in these layers is 
uniform and extends to a width of 
more than a millimeter. In the ab
sence of any gradient in the Mn con
tent of these layers, the phenomenon 
of diffusion appears unlikely and no 
possible explanation can be ascribed 
for the observed anomaly. Further 
detailed study on this important weld 
combination is in progress. 

Abrupt changes in microstructure 
between the parent metals and the 
bond zone and sharp changes in the 

concentrations of elements virtually 
rule out the possibility of diffusion 
being operative at the interface of 
these explosive welds. 
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"Review of Service Experience and Test Data on Openings in Pressure 
Vessels with Non-Integral Reinforcing" 

by E. E. Rodabaugh 

During the past ten years an extensive test program on nozzles and open
ings with integral reinforcing has been carried out under the guidance of the 
Pressure Vessel Research Committee of the Welding Research Council. In
tegral reinforcing is defined as reinforcing which is fully continuous with the 
shell; as contrasted to pad or saddle reinforcements, which are welded to the 
shells at the inner and outer peripheries. The ASME Nuclear Vessels Code 
requires that reinforcing be integral; the test program was intended to provide 
design data for such integrally reinforced openings. The results of this test 
program is now reflected in the ASME Nuclear Vessels Code in the form of 
stress indices and work is underway to more generally revise ASME Code 
rules for design of integrally reinforced openings. 

However, many and perhaps most openings in pressure vessels are rein
forced with pads or saddles; i.e. nonintegral reinforcing. The purpose of this 
report is to review available data on nonintegrally reinforced openings as per
haps a first step towards improvement ni code design rules for such reinforcing. 

Publication of these papers was sponsored by the Pressure Vessel Research 
Committee of the Welding Research Council. The price of Bulletin 166 is 
$3.50 per copy. Orders for single copies should be sent to the American Weld
ing Society, 2501 N.W. 7th St., Miami, Fla. 33125. Orders for bulk lots, 10 
or more copies, should be sent to the Welding Research Council, 345 East 
47th Street, New York, N.Y. 10017. 
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