
WELDING RESEARCH 

Sponsored by the American Welding Society and the Welding Research Council 

TECHNICAL PAPERS EDITOR: T.P. SCHOONMAKER 

Readers are advised that all papers published in the Welding Journal's Research Supplement undergo 
Peer Review before publication for: 1) originality of the contribution; 2) technical value to the welding 
community: 3) prior publication of the material being reviewed: 4) proper credit to others working in the 
same area; and 5) justification of the conclusions based on the results. 
The names of the more than 160 individuals serving on the AWS Peer Review Panel are published 
periodically. All are experts in their respective technical areas, and all are volunteers in the program. 

An Evaluation of Copper-Stainless 

Steel Inertia Friction Welds 

Initial surface condition has a significant effect on weld quality 

BY R. A. BELL, J. C. LIPPOLD, AND D. R. ADOLPHSON 

ABSTRACT. The effect of surface condi
tion on the weld integrity of inertia fric
tion welds between OFHC copper and 
Type 304L stainless steel was evaluated 
and the weld microstructure character
ized. The frictional heat generated during 
welding results in significant metallurgical 
changes within the copper; the stainless 
steel microstructure is relatively unaf
fected. 

The weld quality was evaluated using 
a modified tensile bar which promotes 
failure along the bond line. Results of this 
investigation showed that the integrity of 
the copper-stainless steel weld is depen
dent on the condition of the initial weld 
faying surfaces. For example, exposure of 
the freshly machined surfaces to the 
ambient atmosphere for 24 hours prior to 
welding results in partial bond line failure 
during the tensile test. Good quality 
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welds could only be produced reliably 
when both parts were machined immedi
ately prior to welding. In the copper-
stainless steel system the amount of weld 
expulsion and axial displacement which 
occurs during welding were found to be 
an unreliable indication of weld quality. 

Introduction 

Dissimilar metal combinations are often 
specified in engineering designs where a 
transition in physical and/or mechanical 
properties is necessary. In many cases it is 
necessary to form a reliable metallurgical 
bond between the two metals. Tech
niques available for joining dissimilar met
al combinations are generally limited to 
those which do not result in the melting 
and solidification of the materials to be 
welded. As a result, either brazing or a 
solid state welding technique is generally 
selected as a joining process. 

Brazing has been used successfully to 
join copper to stainless steel (Refs. 1 and 
2); however, the thermal cycle associated 
with the brazing process tends to 
degrade the properties of the stainless 
steel. Brazing temperatures for stainless 
steels are high enough to completely 
soften the microstructure, thereby pre

cluding the use of materials which have 
been strengthened by mechanical pro
cessing. In addition, the brazing tempera
ture cycle may result in sensitization of 
the stainless steel and subsequently 
reduce the usefulness of the dissimilar 
metal combination in corrosive environ
ments. 

The inertia friction welding process 
uses the combination of frictional heating 
and axial force to produce a solid state 
bond. The suitability of this process for 
joining dissimilar metal combinations has 
been demonstrated for many cases (Refs. 
3-7). Nicholas ef al. (Ref. 4) have shown 
that copper-stainless steel friction welds 
can be produced reliably, suggesting that 
the inertia friction welding process would 
also be well suited for this material com
bination. It was felt that this process 
would result in reduced metallurgical 
degradation of the materials relative to 
the brazing process. Other advantages 
would include reduced production costs, 
reproducibility, and simplicity of opera
tion. 

A disadvantage of inertia friction weld
ing involves the difficulty of evaluating 
the quality of the weld. In general, the 
most common type of weld defect is an 
unbonded region along initial faying sur-
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Table 1—Raw Material Properties 

Condition 
Yield strength, ksi (MPa) 
Round bar diameter, in. (mm) 

OFHC copper 

Annealed 
8(55) 
1.125 (28.6) 

Type 304L stainless steel 

Forged 
80-100 (550-690) 
0.50 (12.7) 

faces. Despite the lack of bond ing , the 
surfaces may be in int imate contact , mak
ing detect ion by nondestruct ive tech
niques diff icult. 

In many cases the w e l d quali ty is 
judged by the appearance o f the metal 
flash, or extrusion, wh i ch fo rms dur ing 
the we ld ing process. The presence of 
sufficient flash indicates that metal f l o w 
along the b o n d line was adequate to 
r emove any contaminat ion f r o m the ini
tial bond ing surfaces and that b o n d line 
temperatures w e r e high enough to ef fect 
a g o o d metallurgical joint. Such a visual 
inspect ion m e t h o d is generally reliable 
w h e n we ld ing similar metal combina
tions. W h e n one material is much st ron
ger than the other , h o w e v e r , metal f l o w 
occurs preferential ly in the softer mater i
al, and the "sel f -c leaning" characteristic 
o f the process may not be as ef fect ive. 

The most c o m m o n l y used mechanical 
test for evaluat ing inertia f r ict ion welds is 
p robab ly the hammer -bend test (Ref. 7). 
In this test the flash is machined off , and 
o n e end o f the test p iece is c lamped in a 
vise. Repeated hammer b lows are 
appl ied to the f ree end . If no external 
tears deve lop dur ing bend ing, the joint is 
considered acceptable. Wh i le the ham
mer -bend test may be sufficient for many 
applications, discontinuities wh ich are 
located near the center o f the joint may 

not be de tec ted . Since the relative sur
face veloc i ty o f the parts d rops to zero 
near the center of the bar, unwe lded 
regions are most likely t o be present 
there. 

A variety of bending, shear, and tensile 
tests have been deve loped for specific 
applications (Refs. 7,8). The usefulness of 
a specific test is o f ten l imited t o the 
appl icat ion and does not lend itself t o 
other situations. W h e n testing dissimilar 
metal we lds , the large di f ference 
b e t w e e n the yield strength and f l o w 
propert ies of the t w o materials limits the 
implementat ion of many standardized 
mechanical tests. 

Objectives 

In order t o assess the feasibility o f the 
inertia f r ict ion we ld ing process for p ro 
ducing reliable bonds b e t w e e n copper 
and stainless steel, a study was initiated 
w i th the fo l low ing object ives: 

1. De te rmine the metallurgical 
changes wh ich occur in the copper and 
stainless steel as a result of the inertia 
fr ict ion we ld ing process. 

2. Deve lop a mechanical testing tech
nique wh ich wil l successfully discriminate 
b e t w e e n g o o d and p o o r joints. 

3. De te rmine the impor tance o f initial 

Table 2—Welding Conditions 

Flywheel moment of inertia 
Initial rotational speed 
Initial peripheral velocity 
Axial force 
Rotating material 
Stationary material 

2.5 lbm-ft2 (0.015 kg-m2) 
4500 rpm (472.5 radians/s) 
589 sfpm (2.99 m/s) 
7700 lb, (34.25 kN) 
Type 304L stainless steel 
OFHC copper 

faying surface condi t ion o n joint integri

ty-

Exper imenta l P r o c e d u r e 

Materials 

The materials used in this investigation 
w e r e OFHC (Oxygen Free High Conduc 
tivity) coppe r and Type 304L stainless 
steel. OFHC copper is essentially pure 
(~99 .99%) and is used primari ly for elec
trical applications. Type 304L is a l o w 
carbon grade of austenitic stainless steel 
wh ich exhibits g o o d corros ion resistance 
and modera te high tempera tu re 
strength. 

The raw materials w e r e in the f o r m of 
solid r o u n d bar and are fur ther descr ibed 
in Table 1. The bar diameters used w e r e 
dictated in part by design requirements 
and by the large di f ference in yield 
strength b e t w e e n the coppe r and the 
stainless steel. In dissimilar metal combina
tions such as this, the diameter of the 
softer material is o f ten increased relative 
t o the diameter o f harder material. The 
di f ference in diameter prov ides m o r e 
constraint in the softer material thus c o m 
pensating in part f o r the d i f ference in 
yield strength (Ref. 9). 

Surface Preparation and Welding 

The faying surfaces o f b o t h materials 
w e r e machined to a nominal 32 micro-
inch surface finish. The coppe r piece 
parts w e r e machined w i t h the we ld ing 
surface flat; the stainless steel was 
machined w i t h a 3 deg cone angle (174 
deg included angle) in o rder to p r o m o t e 
metal f l o w o u t w a r d f r o m the center o f 
the bar. 

The we ld ing condi t ions w e r e op t i 
mized initially and kept constant th rough
out the exper imental p rogram. The c o n 
ditions are listed in Table 2. The energy 
input was kept l o w in an e f for t t o mini
mize metallurgical changes dur ing w e l d 
ing. 

A freshly machined surface was c o n 
sidered to be the cleanest surface attain
able in normal manufactur ing operat ions 
and was used as a baseline cond i t ion . The 

Table 3—Surface Conditions 

1. Baseline — both surfaces dry machined immediately prior to welding 
2. Surfaces contaminated with machining oil, fingerprints 
3. Surfaces machined and exposed to ambient atmosphere at: 

a. 100°F (38°C), 
b. 200°F (93°C), 
c. 300°F (149°C) 

4. Surfaces machined and exposed to ambient atmosphere for 4-5 weeks, 
a. welded after exposure, 
b. cleaned with acetone prior to welding 

5. Copper freshly machined, stainless steel exposed to ambient atmosphere for 4-5 weeks, 
cleaned with acetone prior to welding 

304 L 

Bond Interface 

Copper 

Fig. 7 —Schematic of the modified tensile sam
ple for dissimilar inertia friction welds 
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surface condition test matrix used in this 
investigation is listed in Table 3. 

Metallographic Examination 

A variety of welded samples, repre
sentative of the range of surface condi
tions evaluated, were sectioned and pre
pared for metallographic examination. A 
two-step etching process was used to 
reveal both the copper and stainless steel 
microstructure; an electrolytic oxalic acid 
etch was used to etch the Type 304L 
stainless steel followed by an ammonium 
persulfate etch to attack the copper. 

Microhardness surveys were con
ducted using a Knoop indenter with a 
200 gram load for the copper and a 500 
gram load for the stainless steel. Micro
probe analysis traverses were performed 
across the bond line in an effort to 
determine the extent of elemental diffu
sion which occurred across the interface 
during welding. The effective size of the 
excited volume of an analysis point was 
on the order of 1 micron; analysis points 
were taken in 1 micron steps across the 
bond line. 

Mechanical Testing 

Initial mechanical tests of the copper-
Type 304L stainless steel inertia friction 
welds employed conventional notched 
tensile samples with the notch located at 
the bond line. This type of sample was 
unable to force failure at the bond line; 
failure invariably occurred in the cop
per. 

An alternate tensile sample was 
devised in which the weld interface was 
located at the tangent point of the shoul
der radius, as shown in Fig. 1. The greater 
constraint in the copper afforded by the 
shoulder of the tensile bar produced a 
more severe loading at the bond line and 
successfully promoted failure along the 
interface in poorly welded samples. 

The sample geometry shown in Fig. 1 
was used as a standard throughout this 

investigation as a means of evaluating 
and comparing joint quality. All tensile 
tests were conducted at a crosshead 
velocity of 0.02 ipm (0.0085 mm/s). The 
large difference in material strength and 
the unconventional specimen geometry 
precluded the use of an exstensometer. 
Following tensile testing, selected sam
ples were examined in the scanning elec
tron microscope (SEM). 

An additional mechanical test tech
nique, termed the Axial Bend Test, was 
used to a lesser extent to evaluate weld 
quality. A schematic of the test sample 
geometry is shown in Fig. 2. In this test 
the welded sample is sectioned axially 
along the midplane, clamped in a station
ary fixture, and loaded to failure. This test 
places the greatest bending stress on the 
weakest part of the joint and thus pro
vides a better visual method of assessing 
weld quality than the tensile test. The test 
is difficult to instrument, however, and 
does not give a quantitative measure of 
bond quality. 

Results 

Visual Examination 

A representative sample produced 
using the baseline surface conditions 
(condition 1 in Table 3) is shown in Fig. 
3A. Samples, which were welded with 
machining oil on the faying surfaces (con
dition 2), exhibited much less upset (axial 
displacement) and an irregular flash 
appearance as shown in Fig. 3B. 

Other surface conditions resulted in 
both upset and flash appearance charac
teristics similar to those samples welded 
with the nominal conditions. For compar
ison, a sample welded with surface con
dition 3C (1 h at 300°F/149°C) is shown 
in Fig. 3C. 

Metallographic Examination 

Samples were sectioned axially in 
order to reveal the microstructural varia-

FORCE 
A PPLIED 

Fig. 2-Schematic of the axial bend test 

tion which exists from the center to the 
outside of the weld. Since the relative 
part velocity varies initially from zero at 
the center to a maximum of 589 ft/min (3 
m/s) at the outside of the joint, the heat 
generated during the welding process 
can vary locally along the bond line. As a 
result, the temperature gradient normal 
to the bond line may also vary locally 
and, thus, influence the extent of the 
heat-affected zone (HAZ). 

Metallographic examination of samples 
produced using baseline conditions 
revealed an extensive HAZ in the copper, 
as illustrated in Fig. 4A. Note that the 
width of this HAZ is relatively uniform 
across the weld and does not reflect the 
variation in relative part velocity along 
the bond line. The HAZ in samples 
welded using condition 2 is much smaller 
than that in the baseline samples and 
exhibits non-uniformity associated with 
the radial variation in rotational velocity. 
A macrograph illustrating the restricted 
HAZ in oil contaminated samples is 
shown in Fig. 4B. 

Careful examination of the copper 
HAZ in baseline samples revealed that the 
HAZ consists of several distinct regions. A 
microhardness traverse across the HAZ 
was helpful in identifying these regions, 
as shown in Fig. 5. The microstructure in 
region A is representative of the OFHC 
base material; the grains are slightly elon
gated along the axis of the bar with an 

Fig. 3 — Copper-Type 3041 stainless steel inertia friction welds made with various surface conditions: a —condition 7; b-condition 2; c —condition 
3C 
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Fig. 4-Macrographs of the bond line microstructure: a-condition 7; b- condition 2. Dashed line indicates the extent of the HAZ. X6 (reduced 18% on 
reproduction) 

average grain size of ASTM 1 (0.254 mm 
i.e., 0.01 in., average grain diameter). 

Region B in Fig. 5 represents the area of 
the HAZ where recrystallization has 
occurred. The grain size within this region 
varies from ASTM 2 near the unaffected 
base metal to ASTM 10 upon approach
ing the bond line. This region represents 
the softest microstructure in the copper 
HAZ (73 KHN). 

Region C represents the portion of the 
HAZ which has experienced the highest 
temperatures during the welding pro
cess. In addition, this region has been 
subject to deformation and resultant 
material flow. As a result, region C has 
undergone dynamic recrystallization dur
ing welding, whereby recrystallization 
occurs continuously due to the combina
tion of high temperature and severe 
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Fig. 5—Microhardness traverse across the copper HAZ 

mechanical deformation (Ref. 10). The 
hardness of this region is increased rela
tive to region B; region B recrystallizes 
due to a thermal component only, while 
the region C microstructure has effective
ly been "forged." 

The HAZ in copper-stainless steel iner
tia friction welds is restricted to the cop
per workpiece. Both the increased mass 
of the copper part and the greater ther
mal conductivity of copper relative to 
stainless steel (nearly 40 times greater) 
promotes heat f low into the copper 
workpiece during welding. Metallograph
ic examination of the stainless steel in the 
vicinity of the bond line showed no 
evidence of microstructural variation; nei
ther grain growth nor grain boundary 
precipitation was observed. 

A hardness survey in the stainless steel 
near the weld interface is shown in Fig. 6. 
The hardness is unchanged relative to 
that of the forged base material (KHN 
280-300), and there was little or no defor
mation observed in the stainless steel. 

The bond line in all the samples (except 
those welded with surface conditions 2 
and 3) exhibited no apparent discontinui
ties or lack of bonding when examined 
metallographicaliy. The oil contaminated 
samples (condition 2) contained extensive 
unwelded regions near the center of the 
weld, as shown in Fig. 7. Samples, which 
were oxidized prior to welding (condition 
3), exhibited some minor unwelded 
regions in random locations along the 
bond line; these discontinuities were typ
ically less than 0.005 in. (0.18 mm) in 
length. 

Microprobe Analysis 

Microprobe analysis traverses were 
performed perpendicular to the weld 
interface and encompassed both the 
copper and Type 304L stainless steel in 
the vicinity of the bond line. A plot of 
local composition vs. distance perpendic
ular to the interface is presented in 
Fig. 8. 
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The data in Fig. 8 are representative of 
a region near the outside diameter of the 
joint. Note that some diffusion has 
occurred into both the copper and the 
stainless steel; the depth of the diffusion 
layer is essentially equivalent in each 
material. Nickel and manganese were 
also found to diffuse into the copper, but 
their relative diffusion depth was much 
less than that of chromium and iron. 

Microprobe traverses performed 
across the interface near the specimen 
axis (center line) revealed a pattern of 
interdiffusion similar to that shown in Fig. 
8. However, the width of the diffusion 
layer was narrower than that farther from 
the center line. Close examination of the 
microstructure corresponding to the dif
fusion layer in both the copper and the 
stainless steel showed no evidence of 
intermetallic constituents or precipitates, 
which may have formed due to the 
interdiffusion. 

Mechanical Testing 

Initial mechanical tests were performed 
with tensile samples which were notched 
at the copper-stainless steel interface. 
Failure in these samples occurred consis
tently away from the interface in the 
softened copper HAZ. In this type of 
sample, a triaxial stress state is induced in 
the copper by the constraint imposed by 
the rigid stainless steel. Under these con-

Fig. 7 — Microstructure along the bond line of a 
sample welded with surface condition 2. The 
high magnification micrograph shows cracking 
in the copper at the demarcation between 
bond and unbond (arrow) 

ditions, yielding occurs at much higher 
load levels than would normally be 
expected; this effect more than compen
sates for the smaller cross sectional area 
at the notch and leads to failure away 
from the bond line in all but extremely 
poor welds. 

The modified tensile sample shown in 
Fig. 1 was successfully used to evaluate 
the effect of the surface conditions listed 
in Table 3 on overall weld quality. The 
location of failure in individual tensile 
specimens was used as the sole criterion 

2 0 0 jam i 

Fig. 6 - Microhardness survey in the 304L stain
less steel near the weld interface 
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Table 4—Summary of Tensile Test Results 

1. 
2. 
3A. 
3B. 
3C. 
4A. 

4B. 
5. 

Condition 

Freshly machined 
Oil, fingerprints 
Oxidized, 100°F (38°C) 
Oxidized, 200°F (93°C) 
Oxidized, 300°F (149°C) 
Both materials exposed to ambient 
atmosphere for 4-5 weeks 
Same as 4A, cleaned with acetone 
Copper freshly machined, Type 
304L stainless steel exposed to 
ambient atmosphere 4-5 weeks, 
cleaned with acetone 

Upset dimensions 

Nominal 
Less than nominal 

Nominal 
Nominal 
Nominal 
Nominal 

Nominal 
Nominal 

Bond quality 

Acceptable 
Unacceptable 
Conditional 
Conditional 
Unacceptable 
Unacceptable 

Unacceptable 
Unacceptable 

for judging weld quality. In this investiga
tion an acceptable weld was defined as 
one in which failure occurred away from 
the weld interface. Most of the surface 
conditions, which were evaluated, 
resulted in varying degrees of failure at 
the interface. 

The tensile test results are summarized 
in Table 4. Note that acceptable welds 
(no bond line failure) were only produced 
when samples were freshly machined or, 
occasionally, in samples which had been 
oxidized at only 100 and 200°F (37.8 and 
93°C). The amount of axial upset and the 
appearance of the external flash were 
nearly identical among samples, with the 
exception of the oil-contaminated sur
face condition. 

Fracture Appearance 

Following testing, the tensile sample 
fracture surfaces were examined both 
optically and with the SEM. Representa
tive fracture surfaces of samples welded 
under conditions 1 and 3C are shown in 
Fig. 9. Based on fracture appearance, the 

condition 1 sample would be considered 
an acceptable weld. The condition 3C 
sample exhibits some degree of bond line 
failure as evidenced by the flat, shiny 
fracture at the center of the tensile bar. 
Examination of this fracture surface in the 
SEM revealed the nature of the 
unbonded region at the sample center. 

Fractography of the stainless steel side 
of the fracture in Fig. 10 shows that 
essentially no deformation of the stainless 
steel has occurred during welding, as 
evidenced by the original machining 
marks on the surface. Note that some 
bonding to the copper has occurred on 
the stainless steel "peaks"; failure in these 
regions is by ductile rupture. In well-
bonded samples, such as the condition 1 
sample shown in Fig. 9, failure invariably 
occurs by ductile dimple rupture. 

Axial Bend Test 

A representative axial bend sample is 
shown in Fig. 11. This specimen configu
ration overcomes some of the limitations 
of other test methods in that it develops 
the highest tensile stress in the region 
where the weakest weld is likely to 
occur. 

A good quality weld tested with the 
axial bend test exhibits extensive defor
mation in the copper with failure occur
ring away from the bond line in the 

copper. A poor quality weld results in at 
least partial failure along the bond line 
with reduced deformation in the material 
adjacent to the weld interface. A poorly 
welded region near the specimen axis 
resulted in bond line failure in the test 
sample shown in Fig. 11. 

Discussion 

Microstructural Changes 

The inertia friction welding process 
produces a metallurgical bond through 
the interaction of frictional heating and 
simultaneous deformation along an inter
face separating the two materials to be 
joined. Heat generated along the inter
face flows either axially away from the 
interface or radially along the interface as 
material is expelled from the joint, form
ing the characteristic flash. 

When similar materials are welded, 
heat flow is axially symmetric into each of 
the parts. In dissimilar metal combina
tions, however, heat flow occurs prefer
entially into the material with the greatest 
thermal conductivity. Since the differen
tial between the copper and stainless 
steel thermal conductivity is so large, 
most of the frictional heat generated 
during welding is dissipated in the cop
per. 

The peak temperature at the weld 
interface is generally slightly below that 
of the melting point of the lowest melting 
material (Refs. 4,11); OFHC copper/304L 
interfacial temperatures would be slightly 
below 1083°C (1951 °F). Thus, a temper
ature gradient from this peak tempera
ture to the ambient part temperature is 
established in each material during weld
ing. In the stainless steel, due to the low 
thermal conductivity, this gradient is very 
steep. The gradient in the copper will be 
much shallower, since heat flow is prefer
ential into this material. 

The difference in thermal conductivity 
explains the microstructural changes 
which occur preferentially in the copper. 
With the exception of the oil contami
nated samples (condition 2), the copper 
HAZ microstructure shown in Figs. 4A 

Fig. 9—Macrograph of tensile fracture surface 
in failed tensile samples welded with surface 
conditions 1 and 3C. The shiny appearance 
near the center of the 3C sample indicates 
a poor weld 

Fig. 10 —SEM fractograph near the center of fractured tensile sample welded with surface 
condition 3C: A- X100; B — X1000. The spiral pattern represents the original machining marks on 
the stainless steel; note that some welding to the copper has occurred on the peaks of these 
machining marks 
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and 5 appeared nearly identical among 
the surface conditions evaluated. 

The elongated grains in the copper 
base material (Fig. 5) indicate that the 
material was not in the fully annealed 
condition. This is supported by the fact 
that the HAZ region closer to the bond 
line (Region B) consists of fine equiaxed 
grains and exhibits a lower hardness than 
the base material. Microstructural 
changes in region B are the result of 
thermally activated processes only (i.e., 
recrystallization); this region is isolated 
from the deformation which occurs clos
er to the bond line. 

Region C in Fig. 5 experiences temper
atures close to the melting point and 
consequently undergoes significant de
formation during welding. This deforma
tion results from both an axial and tor-
sional force and produces a spiral flow of 
copper radially outward from the center 
of the bond (Ref. 12). The combination of 
high temperature and deformation in this 
region results in dynamic recrystallization 
of the copper and produces an extremely 
fine-grained microstructure adjacent to 
the bond line. The deformation accom
panying recrystallization in this region 
gives rise to the hardness increase rela
tive to region B. 

Microstructural changes were not 
observed in the stainless steel. As dis
cussed earlier, peak temperatures at the 
interface are well below the melting point 
of Type 304L stainless steel, and the axial 
temperature gradient is extremely steep 
relative to that in the copper. As a result, 
the thermal driving force for recrystalliza
tion in the Type 304L stainless steel is 
small. Similarly, the amount of time which 
is spent in the carbide precipitation tem
perature range is insufficient to permit 
appreciable carbide formation. Nicholas 

Fig. 11 —Axial bend sample welded with sur
face condition 3C. Note that an welded region 
is revealed at the center of the weld 

et al. (Ref. 4) were also unable to detect 
carbide precipitation in copper-stainless 
steel friction welds. 

Despite the steep temperature gradi
ent in the stainless steel, microprobe 
analysis revealed that copper diffused 
across the interface to a depth of over 10 
microns —Fig. 8. Microanalysis along the 
bond line of friction welds (Ref. 4) failed 
to detect copper diffusion into the stain
less steel. The average diffusion distance 
of copper into steel can be predicted 
using published diffusion data (Ref. 13) 
and the following relationship: 

X a 2 v
/ D T 

where D is the diffusivity at a given 
temperature and t the time at that tem
perature. Assuming D = 0.59 X 10"6 

cm2/s at 1100°C (2012°F) and the time 
that the weld interface region is at this 
temperature is approximately 2-5 s, the 
average diffusion is on the order of 20-30 
microns. This calculated distance agrees 
reasonably well with the microprobe 
data in Fig. 8. Since the diffusivity value 
which was used is based on a diffusion 
couple between liquid copper and 
7-iron, the diffusion distance calculated 
may be non-conservative. 

Effect of Surface Condition 

The results of this investigation have 
shown that the initial faying surface con
dition of both the copper and stainless 
steel piece parts exerts a significant influ
ence on the quality of inertia friction 
welds between these two materials. Pre
viously, Nicholas et al. (Ref. 4) reported 
that surface contamination is not detri
mental to the weld quality of copper/ 
stainless steel friction welds. 

Although it is difficult to compare and 
contrast the welding conditions used in 
these two processes, it is likely that the 
higher heat input employed in the friction 
welding process resulted in more defor
mation and thus increased the "self-
cleaning" potential of the process. In 
addition, the introduction of contami
nants to the surfaces to be welded is 
fairly subjective and, thus, the relative 
degree of contamination used in the two 
studies may have varied significantly. 

Material property differences may also 
have contributed to the discrepancy in 
results. The friction welding study used a 
hard drawn, tough pitch copper and an 
annealed grade of austenitic stainless 
steel; these materials are closer in relative 
strength than the OFHC copper and 
forged Type 304L stainless steel used in 
the present study —Table 1. The reduc
tion in the strength differential would 
promote more localized deformation at 
the weld interface with a resultant 
enhancement of joining characteristics. 

The inertia friction welding process is 
generally very tolerant of surface con

tamination; this tolerance is often cited as 
an advantage of the process. Similar met
al combinations exhibit equivalent flow 
strength at the welding temperature and 
can usually be welded satisfactorily when 
the faying surfaces are moderately con
taminated. 

The degree of metal flow experienced 
by the individual parts is essentially equal; 
thus, contaminants are expelled from the 
weld region as metal flow occurs radially 
outward. When the flow strength differ
ential at the welding temperature is large, 
as in the case of some dissimilar metal 
combinations, metal f low is restricted to 
the softer material often with little or no 
disruption of the surface of the stronger 
material. The presence of oxide films or 
airborne contaminants on the faying sur
face provide a barrier which effectively 
prevents the formation of a metallurgical 
bond. 

In dissimilar metal welds, the resistance 
to welding concomitant with oxidation 
and contamination is usually overcome in 
two ways: 

1. Since the oxide layer is usually brit
tle, adjustments in the welding parame
ters can often increase the deformation 
at the surface of the stronger material 
and break up the oxide, thereby expos
ing nascent metal. 

2. If the welding time is increased and 
the contamination layer is not too great, 
the contaminants may diffuse away from 
the interface into the bulk material. 

In the copper-Type 304L stainless steel 
welds there was no observable deforma
tion of the stainless steel. The presence of 
partial bonding at the asperity peaks 
resulting from machining (Fig. 10) indi
cates that some local disruption of the 
oxide and/or contamination layer does 
occur in the stainless steel, possibly 
through microscopic deformation. Since 
the properties of the stainless steel were 
not degraded, it is possible that the 
energy input and axial upset may be 
increased to improve the welding charac
teristics of contaminated samples. 

The external upset appearance proved 
to be a poor indicator of joint quality. 
Often the appearance of the "flash" or 
the axial upset is the sole criterion for 
judging inertia friction welds. Note that 
the upset appearance, as summarized in 
Table 4, is nearly identical among welds 
with the exception of those contami
nated with oil (condition 2). Thus, the rate 
at which frictional heat is dissipated dur
ing the process must be nearly equiva
lent; only oil contamination is sufficient to 
significantly reduce the coefficient of fric
tion and the rate of energy dissipation. 

The results of this investigation suggest 
that external upset appearance is not a 
satisfactory method for assessing the 
quality of inertia friction welds between 
dissimilar materials, in particular between 
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copper and stainless steel. 
Finally, the definition of an acceptable 

joint is dictated by the design require
ments. For the purposes of this investiga
tion the requirements were very strin
gent; any detectable lack of bonding was 
unacceptable. In other applications, 
minor unwelded regions along the weld 
interface may be easily tolerated, particu
larly when the load across the weld is 
carried in torsion or bending. Thus, in 
many applications the effect of surface 
contamination on the integrity of the 
inertia friction weld may be relatively 
minor. 

Axial Bend Test 

The axial bend test can also be used to 
determine the quality of weld in solid bar 
inertia friction welds. Although not inves
tigated extensively in this study, the test 
has some definite advantages over the 
modified tensile test. Specimen prepara
tion is facilitated and the test appears to 
be fairly sensitive to bond line defects. 
The axial bend test could be easily 
applied to production conditions, since it 
is simple and provides an immediate indi
cation of weld quality. 

Conclusions 

1. A modified tensile test specimen 
was developed that successfully discrimi
nated between good and poor quality 
welds in copper to Type 304L stainless 
steel inertia friction welds. 

2. Metallurgical changes were not 
observed in the stainless steel following 

welding; the heat-affected zone in the 
copper was extensive and exhibited sev
eral distinct microstructural regions. 

3. The condition of the original faying 
surfaces has a significant effect on the 
integrity of the weld. Oxidation of the 
surfaces prior to welding resulted in vary
ing degrees of unbonding near the center 
of the weld. 

4. High quality welds could be pro
duced between copper and stainless 
steel if both parts were freshly machined 
prior to welding. 

5. Neither axial upset nor external 
"flash" appearance proved to be a good 
indicator of weld quality. While insuffi
cient upset is indicative of a poor weld, 
acceptable upset does not ensure a good 
weld. 
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