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ABSTRACT. The NIKE2D finite-element 
code has been used to analyze the states 
of stress and strain in cylindrical interlayer 
butt joints loaded in tension. A wide range 
of interlayer thickness-to-diameter ratios, 
t / d , applied stresses and material re
sponses have been studied. For the case 
in which the base metals deform only 
elastically, the results of these analyses 
show several important differences from 
previously reported approximate analyti
cal solutions and an earlier FEM study, 
particularly for small t / d . These differ
ences have been attributed, at least par
tially, to nonuniform plastic straining in the 
interlayer. For base metals that plastically 
deform, the plastic strain in the interlayer 
produced by a given applied stress is sig
nificantly larger than for a similar weld be
tween elastic base metals. For strain-hard
ening interlayers, this causes pronounced 
differences in the interlayer stress state 
compared with the elastic base metal 
case. Creep of the base metal induces 
time-dependent plastic deformation in the 
interlayer, even if the interlayer material 
alone does not creep. In this case, the rate 
at which the interlayer deforms is con
trolled by the creep rate of the base metal. 
The N1KE2D results are consistent with 
important experimental findings. 

Introduction 

Joining of similar and dissimilar materials 
often involves the use of thin interlayers. 
These interlayers may be produced by 
brazing (Refs. 1, 2), diffusion welding of 
metal foils (Ref. 3), diffusion welding of in
terlayer coatings produced by electroplat
ing (Refs. 4, 5), or physical vapor-deposi
tion processes (Refs. 5-7). Generally, the 
weld involves the use of a soft interlayer 
material, such as silver (Refs. 1, 2, 4-10) or 
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copper (Ref. 3), to weld stronger base 
materials, such as maraging steel (Refs. 
1,2,9,10), WC-Co (Ref. 3), U (Refs. 7,8), or 
stainless steel (Refs. 7-10). Despite the low 
strength of the interlayer material, it has 
long been known that the welds may have 
ultimate tensile strengths much larger than 
that of the bulk interlayer material (Ref. 11). 
For example, the ultimate tensile strength 
(UTS) of silver-interlayer welds between 
maraging steel base metals has been re
ported to be as much as 760 MPa (110 ksi), 
while the maximum, or steady state, stress 
of the interlayer material itself is only 
about 260 MPa (37.3 ksi) (Ref. 9). The high 
tensile strength of interlayer welds is due 
to the mechanical constraint provided by 
the stronger base materials, which re
stricts transverse contraction of the inter
layer (Refs. 1, 2,11-15). The constraint 
causes triaxial tensile stresses to develop 
within the joint, thus decreasing the ef
fective stress in the interlayer and inhibit
ing plastic flow. The degree of mechanical 
constraint in the weld is known to increase 
with decreasing thickness-to-diameter ra
tio, t / d , of the interlayer. Higher joint 
strength is associated with higher con
straint. If the base metal deforms plasti
cally (Refs. 2, 8-10), the mechanical con
straint is partially relieved, and the strength 
of the joint is degraded. Recent studies 
(Ref. 8) have shown that interlayer welds 
also exhibit time-dependent, or delayed, 
failure under sustained tensile loads. In this 
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case, it was believed that time-dependent 
creep deformation of the base metal 
relieves the mechanical constraint and ac
celerates failure of the weld. 

While the tensile behavior of interlayer 
welds is reasonably well understood qual
itatively, particularly for thick interlayers, 
better quantitative predictions of the stress 
and strain state are needed for a complete 
understanding of thin interlayer welds. 
Considering a solid cylindrical tensile spec
imen geometry with the butt joint at the 
midplane of the cylinder, Orowan, et al. 
(Ref.11), derived a simple expression for 
the radial stress'1' within the interlayer as a 
function of the yield strength of the bulk 
interlayer material and t / d : 

* - * ( ! - ' ) (D 
This equation was originally derived by 
assuming ideal plastic behavior (i.e., no 
strain hardening) of the interlayer, uniform 
(as a function of r) plastic strain within the 
interlayer, and that the base metal does 
not deform plastically. Results of the 
present investigation and an earlier finite-
element study (Ref. 3) reveal significant 
deviation from Equation 1. 

To gain a better understanding of the 
mechanical behavior of interlayer welds, 
Almond, et al. (Ref. 3), performed a finite-
element analysis of WC-Co base metals 
welded with a Cu interlayer. The geome
try of these butt joints was the same as 
that studied by Orowan, etal., in deriving 
Equation 1. Qualitatively, the shape of the 
radial stress distribution was found to be 
similar to that described in Equation 1. 
Quantitatively, however, it was found 

(1) The radial stress is normally used to charac
terize the stress state in the interlayer (e.g. Refs. 
1,11). Plasticity in the interlayer is accompanied 
by transverse contraction, which is opposed by 
the base metals. This produces a radial (and 
nearly equal hoop, Ref. 3) stress. There is, of 
course, a close relationship between ar and the 
hydrostatic stress, o-H. Qualitatively, any con
clusions made regarding crr apply also to an (and 
the hoop stress). 
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Fig. 1 — The finite-element mesh used for 
NIKE2D simulations of an interlayer weld with a 
t/d ratio of 1/6. 

that nonuniform plastic straining in the in
terlayer causes the o> distribution to devi
ate from the predicted linear behavior, 
producing o> values significantly larger 
than those predicted by Equation 1. The 
analysis of Almond, et al., was limited, 
however, to large t / d ratios (1/3-1/6) 
and to elastically deforming base metals. 
Thus, smaller t / d ratios, such as those 
commonly employed in brazing and solid-
state welding (Refs. 7-9,13), need to be 
examined. 

To date, the quantitative effect of base-
metal plasticity upon the mechanical be
havior of the weld has not been deter
mined, except in an approximate way 
(Ref. 2). Motivated by recent experiments 
concerning the fracture strength of inter
layer welds between plastically deforming 
base metals (Refs. 8, 9), one of the goals 
of the present investigation was to evalu
ate the effects of base-metal plasticity on 
the stress and strain state in the interlayer. 
Of even greater concern was the time-
dependent, or delayed, failure of inter

layer welds reported earlier (Ref. 8). This 
subject has received far less attention than 
that of predicting the ultimate tensile 
strength of the welds. It has been shown 
(Refs. 8,10) that delayed failure can occur 
within several months at applied stresses 
as low as 17% of the UTS, demonstrating 
the importance of understanding the time-
dependent behavior of the welds. The 
experimental results also show that creep 
of the base metal greatly accelerates the 
time-dependent failure of silver-interlayer 
diffusion welds. To understand delayed 
failure, it is necessary to have an accurate 
knowledge of the stress and strain state in 
the interlayer and an understanding of 
how creep of the base metal affects these 
quantities. 

With this motivation, the goal of the 
present investigation was to use finite-ele
ment method (FEM) analyses to study the 
mechanical behavior of axially-loaded in
terlayer welds. First, for welds between 
elastically deforming base metals, the ef
fect of t / d on the stress state within the 
interlayer was studied. It was found that, 
particularly for small t / d ratios, the stress 
state is significantly different from that 
predicted by Equation 1 and determined 
by Almond, et al. (Ref. 3). Next, the effect 
of time-independent plastic deformation 
in the base metal was examined to quan
titatively compare the stress and strain 
within the interlayer with that for elastic 
base metal welds. Finally, time-dependent 
creep deformation of the base metal was 
simulated to demonstrate how creep of 
the base metal can control the behavior of 
the interlayer. This last analysis is particu
larly relevant to earlier work published by 
the authors (Ref. 8). 

The Finite-Element Analysis 

The FEM calculations were performed 
using the NIKE2D two-dimensional stress 
analysis code (Ref. 16). NIKE2D is an im
plicit, finite-deformation, static/dynamic 
code that has been vectorized for maxi
mum efficiency on vector-processor com
puters. Large problems can be solved in 
relatively short times, allowing much 
smaller t / d ratios to be studied than those 
reported by Almond, ef al. (Ref. 3). 

All the calculations were performed us
ing quadrilateral four-node elements. The 
geometry modeled was that of a solid cy
lindrical rod with the interlayer weld placed 
in the center of the rod. Due to the 
axisymmetry of this geometry, a two-

Table 1—Material Properties 

Material 

Maraging Steel 
Annealed 304 
Stainless Steel 
Interlayer Silver 

E (MPa) 

186 
193 

71 

Used 

I 

in the FEM Analyses 

5 (103ksi) 

27.0 
28.0 

10.3 

V 

0.3 
0.29 

0.37 

AM 

-
8.71 X 10~14 

— 

n 

— 
4.68 

— 

m 

-
0.0647 

— 

dimensional analysis of one-quarter of the 
rod was possible. With this geometry, the 
bottom of the mesh (z = 0) corresponds 
to the center plane of the interlayer, and 
the left edge of the mesh (r = 0) corre
sponds to the center axis of the cylindrical 
rod. The mesh used for a t / d ratio of 1/6 
is shown in Fig. 1, and contains 672 
elements and 728 nodes. The mesh used 
for the majority of the calculations was 
much finer because of the small t / d ratio 
of approximately 1/42. This geometry 
was chosen to correspond with the spec
imens used in previous experimental stud
ies (Refs. 8-10), for which the diameter of 
the rod was 6.35 mm (0.25 in.) and the in
terlayer thickness was 0.152 mm (0.006 
in.). Here, the model consisted of 2256 el
ements and 2355 nodes; calculations using 
an even finer mesh were performed to 
confirm spatial convergence. 

Simulated loads were applied by pre
scribing a uniform tensile traction on the 
upper boundary of the mesh. Except for 
the creep simulations, the stress was in
creased continuously with time to its max
imum value at the end of the simulation. 
For the case in which both the interlayer 
and the base metal were modeled as 
elastic-plastic materials, simulated loading 
to 689.5 MPa (100 ksi) using the 2256-
element mesh took approximately 8 min 
of CPU time on a CRAY Y-MP computer. 
Use of various time-step sizes and con
vergence tolerances confirmed that 
proper numerical convergence had been 
achieved. Contour plots confirmed that 
the stress state was uniform and purely 
tensile at the top of the mesh for all 
applied stresses, demonstrating that end 
effects were not influencing behavior near 
the interlayer. 

Three different material laws were used 
in the calculations. Elastic behavior was 
represented using linear isotropic elasticity 
theory. The elastic constants, E and v, for 
the three different materials examined in 
this study, are given in Table 1. Time-
independent plastic deformation was rep
resented using isotropic von Mises plas
ticity theory. The experimentally deter
mined effective stress vs. effective plastic 
strain curves for vacuum-annealed Type 
304 stainless steel and the vapor-depos
ited interlayer silver are given in Fig. 2. The 
silver properties were determined by tor
sion tests of 150-Mm-thick welds to avoid 
the mechanical constraint produced by 
tensile loading (Ref. 9). It is noteworthy 
that the yield strength and strain harden
ing rate of the interlayer silver are larger 
than for bulk-annealed polycrystalline sil
ver, as discussed elsewhere (Ref. 9). The 
eight points shown on each curve were 
entered as material data for the NIKE2D 
code. Time-dependent creep deforma
tion was represented using the primary 
creep law (Ref. 17), 

(a) For stress in MPa and time in seconds. «cr = AO^T" (2) 
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where ecr is the effective creep strain, a is 
the effective stress and T is time. The con
stants A, n and m for annealed 304 stain
less steel deformed at ambient tempera
ture are given in Table 1. 

Numerical Results and Discussion 

Elastic Base Metals 

Figure 3 shows the effect of t / d on the 
radial stress distribution at the center 
plane of the interlayer (z = 0) for an 
applied stress of 345 MPa (50 ksi). The 
maraging steel properties were used in 
these calculations to model the base metal. 
Trends similar to those shown in Fig. 3 
were observed for the axial, hoop and 
hydrostatic stresses. Figure 3A presents 
the results of calculations in which the in
terlayer was modeled as an ideal plastic'21 

material, so that comparisons could be 
made with the predictions of Equation 1 
for similar conditions. For t / d larger than 
about 1/15, Equation 1 predicts qualita
tively correct behavior for the or distribu
tion in the interlayer; <rr increases continu
ously as r decreases. In addition, the oy 
distribution is nearly linear for t / d = 1/10, 
and would probably be so for t / d = 1/6 
if calculations could be performed for a 
truly ideal plastic interlayer (nonuniform 

(2) To avoid numerical difficulties, a small 
amount of strain hardening in the interlayer was 
simulated. For t/d ratios of 1/10 or less, the in
terlayer was assumed to yield (0.1% offset) at 
92.4 MPa and to strain harden to 96 MPa at an 
effective plastic strain of 10%. For a t/d ratio of 
1/6 it was necessary to allow the interlayer to 
harden to 100 MPa at a strain of 10% for the 
same yield stress. 

strain hardening has occurred in the inter
layer with o ranging from 92.4 to about 98 
MPa). For large t / d , the value of oy at the 
center axis (r = 0) increases as t / d de
creases, as predicted by Equation 1. Quan
titatively, however, for "thick" interlayers 
( t /d greater than about 1/15) the radial 
stresses computed by NIKE2D are signifi
cantly larger than those predicted by 
Equation 1. For example, the value of o> at 
r = 0 computed by Equation 1 is 462 MPa 
(<7y = 92.4 MPa) for t d = 1/10. The value 
computed by NIKE2D is approximately 
50% larger than this value. For strain-
hardening thick interlayers. Almond, et al. 
(Ref.3), also found that Equation 1 under
estimates the amount of constraint pro
vided by the base metals. 

For t / d ratios below about 1/15, the oy 
distribution predicted by NIKE2D does not 
even qualitatively resemble that given by 
Equation 1. The FEM results show that the 
stress distribution becomes much more 
uniform as t / d decreases. The radial stress 
near the center axis predicted by NIKE2D 
in this case is smaller than that predicted 
by Equation 1. In a much earlier study, 
Moffatt and Wulff (Ref. 13) suggested that 
this would be the case for thin-interlayer 
welds. The NIKE2D results also show that 
a peak in the stress distribution develops 
at small t / d ratios, which becomes more 
localized near the OD as t / d decreases. 
This peak is associated with the nonuni
form plastic deformation that occurs in the 
interlayer, which then leads to a local 
stress concentration. For example, for 
t / d = 1/6 and an applied stress of 345 
MPa, the effective plastic strain is relatively 
uniform and so no peak is observed. For 
t / d = 1/42, however, the peak effective 
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Fig. 2 — The (von Mises) effective stress vs. ef
fective strain curves for annealed 304 stainless 
steel and vapor-deposited pure silver. 

plastic strain near the OD is an order of 
magnitude larger than at the center axis, 
leading to the peak in the oy vs. r curve. It 
should be emphasized that, although the 
peak in the distribution at small t / d is per
haps the most striking feature of the stress 
distribution, the characteristic that is be
lieved to be the most critical in controlling 
the behavior of the weld is that or (as well 
as OH and <r) is essentially uniform over 
most of the area of the interlayer. This 
conclusion stems from experimental re
sults showing an essentially uniform distri
bution of microvoids on the fracture sur
face of failed thin interlayer welds (Refs. 
10,13,18). 

The deficiency of Equation 1 is also 
demonstrated by the fact that, for t / d less 
than about 1/10, the maximum radial 
stress decreases as t /d decreases (see Fig. 
3A). Equation 1 predicts that or always in
creases as t /d decreases. It is important to 
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emphasize that the NIKE2D results do not 
imply that decreasing t / d decreases the 
constraint that the base metal produces 
within the interlayer. The analyses show 
that, as t / d decreases, a larger applied 
stress is needed to produce a given 
amount of plastic strain in the interlayer. 
This indicates that decreasing t / d increases 
the mechanical constraint in the interlayer, 
as expected from earlier investigations 
(Refs. 1-3). 

The reason for the discrepancies be
tween the'analytical and NIKE2D results 
undoubtedly stems from the simplifying 
assumptions used to derive Equation 1. In 
particular, for a given value of z, a radially 
uniform strain state was assumed. The 
NIKE2D results indicate that this is not the 
case, with plastic deformation beginning 
near the OD and concentrating in this re
gion as the applied stress increases'3'. This 
is not surprising since, physically, one 
would expect plastic f low to be more dif
ficult in the center of the interlayer (r = 0) 
than near the OD because of the con
straint from surrounding material. For an 
elastic base metal it is easy to understand 
how nonuniform plastic strain can lead to 
large stresses near the center axis for thick 
interlayers. Since the base metal deforms 
elastically, the deflections in the base 
metal are small. This implies that the inter-
layer/base-metal interface is essentially 
planar, even though the stresses may be 
concentrated in one region. (As shown in 
the next section, this is not the case for 
plastic base metals.) A planar interface 
means that the total (elastic plus plastic) 
strain across the thickness of the interlayer 
is essentially independent of r. Since the 
plastic strain in the interlayer is larger near 
the OD than near the center axis, the re
verse must be true for the elastic strain. It 
is elastic strains that produce stress, there
fore nonuniform plastic straining leads to 
a redistribution of stress such that the hy
drostatic (or radial) stress is large near the 
center axis. For " th in" interlayer welds, 
the increase in plastic strain is localized 
very near the OD. Thus, the increased 
elastic strain and hydrostatic stress are lo
calized to a region just inside that at which 
the plastic strain is concentrated, produc
ing a peak in the stress distribution near 
the OD. Careful analysis of the NIKE2D 
results shows that the predicted hydro
static stress peaks are indeed at radial po
sitions just inside those for which the plas
tic strain is a maximum. 

Figure 3B shows the effect of t / d on the 
or distribution at the center plane (z = 0) 
of a strain-hardening interlayer for an ap-

(3) In their FEM analysis. Almond, et al. (Ref.3), 
also reported that plastic straining began near 
the OD and spread toward the center axis in a 
strain-hardening interlayer for t/d 2: 1/6. This 
fact was used to explain why the constraint 
computed by FEM is greater than that predicted 
by Equation 1. 

plied stress of 345 MPa (50 ksi). In this case, 
the flow curve show n in Fig. 2 for the va
por-deposited silver was used to model 
the behavior of the interlayer. For the 
thick joint, t / d = 1/6, the results are qual
itatively similar to those for the ideal plas
tic interlayer. However, or is substantially 
smaller at r = 0 for the strain-hardening 
interlayer than for the ideal plastic one. For 
all t / d ratios the or distribution is more 
uniform than for the ideal plastic interlay
er. Strain hardening makes the plastic 
strain distribution more uniform (since a 
higher effective stress is needed to con
tinue plastic flow as the plastic strain 
increases), which leads to a more uniform 
stress distribution. In addition, for a given 
applied stress, the larger effective stress 
produced by strain hardening directly re
sults in a lower hydrostatic stress, and thus 
a lower radial stress. As in Fig. 3A, the 
general trend of increasing or with de
creasing radial distance is predicted for the 
thick joint. Deviation from the linear dis
tribution predicted by Equation 1 is again 
observed, however. It is noteworthy that 
departures from a linear or distribution 
were also observed experimentally in the 
compression of soft interlayer materials 
between rough cylindrical platens (Ref. 
19). As discussed by Moffatt and Wulff 
(Ref. 13), the compressive mode of defor
mation should produce stress distributions 
similar, except opposite in sign, to those 
studied in the present investigation. The 
NIKE2D results for t / d = 1/6 are also sim
ilar to those of Almond, et al. (Ref. 3), for 
the same weld geometry (but different 
material properties). Both FEM investiga
tions indicate that, for thick interlayers, the 
or (and OH) distribution is nonlinear and that 
or at the center axis is substantially larger 
than that predicted by Equation 1. 

In a manner similar to that shown in Fig. 
3A, the or distribution for the strain-hard
ening interlayers exhibits significant devia
tions from the behavior predicted by 
Equation 1 as t / d decreases. First, for the 
strain-hardening interlayer, or near the 
center axis, or the "plateau" value, de
creases as t / d decreases for all t / d ratios 
investigated. Thus, or is much smaller than 
that which would be predicted based on 
thick joint results and the assumption that 
Equation 1 is at least qualitatively correct. 
Again, this does not imply that the con
straint decreases with decreasing t / d . 
Rather, small t / d ratios result in small non-
uniform plastic strains for a given applied 
stress. Second, small t / d ratios favor a 
more uniform stress distribution with a 
peak near the OD, which becomes more 
localized as t / d decreases. The change 
from "thick-joint" behavior (qualitatively 
similar to Equation 1) to that of "thin-joint" 
behavior (not qualitatively similar to Equa
tion 1) occurs at larger t / d ratios for the 
strain-hardening interlayer than for the 
ideal plastic interlayer. The peak in the or 

distribution is again associated with the 

localization of plastic strain near the OD as 
t /d decreases. Strain hardening in the in
terlayer makes these peaks smaller than 
for the ideal plastic material because of the 
more uniform strain distribution produced. 
Thus, the assumption made by Almond, et 
al. (Ref. 3), that the shape of the stress dis
tribution is independent of t / d , which was 
based on calculations using only large t / d 
values, does not hold for t / d less than 
about 1/6. Again, however, the most im
portant characteristic of the or distribution 
for small t / d is that the stress is essentially 
uniform over most of the area of the in
terlayer. 

Some experimental evidence exists to 
support the NIKE2D predictions of a rela
tively uniform stress distribution for thin 
joints. Moffatt and Wulff (Ref. 13) ob
served that the fracture surfaces of thin 
interlayer welds exhibit voids of uniform 
size over most of the area, implying that 
the hydrostatic stress distribution is nearly 
uniform. Similar observations have been 
made recently in silver-interlayer diffusion 
welds with a t / d ratio of 1/42 by Rosen 
and Kassner (Ref. 9) for tensile fracture, 
and by Kassner, ef al. (Ref. 10), for creep 
rupture. NIKE2D calculations of a uniform 
OH distribution for t / d = 1/42, which is 
qualitatively the same as that of the or dis
tribution shown in Fig. 3B, are consistent 
with these experimental observations. 

Figures 3A and B also show that the ra
dial stress state becomes insensitive to 
changes in t / d for low t / d ratios. This fact 
could help explain why increases in the 
UTS of the weld with decreasing t /d tend 
to plateau as t / d becomes very small 
(Refs. 5,13,14, 20). Previous investigators 
believed that this phenomenon was due 
only to discontinuities (porosity, flatness, 
etc.) in very thin welds. While such prob
lems certainly do occur and contribute to 
a plateau (or decrease) in the UTS, the 
present results indicate that a plateau in 
strength would occur even if a perfect 
weld could be made. This conclusion is 
supported by recent experiments by 
Rosen (Refs. 9,18). Silver-interlayer welds 
between maraging steel base metals were 
fabricated with t / d ratios of approxi
mately 1/6, 1/42 and 1/125. The UTS of 
the weld with t /d = 1/6 was significantly 
less than that of the other welds, as 
expected. However, the UTS of welds 
with t / d = 1/125 was essentially the same 
as that for welds with t / d = 1/42, sug
gesting a similarity in the stress and strain 
states. Similarly, the creep-rupture times 
for silver-interlayer welds with t /d = 1/6 
were considerably less than for welds 
with t / d = 1/42 or 1/125 (Ref. 18). The 
creep-rupture times for welds with 
t /d = 1/125 were essentially the same as 
for those with t /d = 1/42, again implying 
that the stress and strain states were 
nearly equivalent. 

One obvious use of the FEM results 
would be to predict the UTS of the welds. 
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Fig. 4 — NIKE2D predictions of the (von Mises) effective stress at the center plane of the interlayer (z = 0) for silver-interlayer welds (t/d = 1/42) be
tween maraging steel and annealed 304 stainless steel base metals at applied stresses of: 207 MPa (30.0 ksi), 258 MPa (37.5 ksi), and 293 MPa (42.5 
ksi). 

This is a diff icult p rob lem, h o w e v e r , be
cause the correct failure cr i ter ion must be 
k n o w n . A full investigation of this subject 
is b e y o n d the scope of this paper, but a 
prel iminary study was p e r f o r m e d for 
welds using the elastically de fo rm ing ma
raging steel base metal . In this case, failure 
is cont ro l led only by the behavior o f the 
interlayer (Refs. 2,10,18), so f racture 
w o u l d be expec ted to occur w h e n the 
stress/strain state wi th in the interlayer 
reaches some critical cond i t ion , regardless 
o f the t / d ratio. These criteria w o u l d 
assume, o f course, that failure is not con
tro l led by delaminat ion due to a degraded 
interface. M a n y ducti le failure criteria have 
been repo r ted in the l i terature. O n e rele
vant theory that includes the ef fect of a 
large hydrostat ic tensile stress has been 
der ived by Rice and Tracey (Ref. 21) and 
fur ther deve loped by Hancock and Mac-
Kenzie (Ref. 22). Fol lowing Hancock and 
MacKenzie , the failure strain is related to 
the stress state th rough the parameter D, 
w h e r e D is de f ined: 

D = 3 o H / 2 o (3) 

If D is the relevant parameter control l ing 
duct i le f racture o f the we lds , one w o u l d 
expect equivalent D values at the UTS, in
dependent o f t / d . Rosen and Kassner 
(Ref. 9) have f o u n d that f o r silver-inter
layer welds b e t w e e n maraging steel base 
metals, the UTS is 448 MPa for t / d = 

1/6.25, and 655 MPa for t / d = 1/42. 
NIKE2D simulations for these t w o types of 
welds loaded to their respect ive ult imate 
tensile stresses give the fo l low ing results: 
at z = r = 0, D for the thick joint is 6.14, 
and for the thin joint D is 6.04. The simi
larity in these values is consistent w i th the 
expectat ion that the critical value of D 
should be independent o f t / d . These re
sults, h o w e v e r , may be for tu i tous. For ex
ample, Rosen and Kassner (Ref. 9) re
po r ted that the f racture strain for silver-
interlayer welds w i th t / d = 1/6.25 was 
much larger than for welds w i t h t / d = 
1/42, shedding some d o u b t on the signif
icance of D. The discrepancy in f racture 
strains may be due, h o w e v e r , to dif fer
ences in the strain needed to nucleate mi -
crovoids, wh ich is not associated w i th D 
(Ref. 22). In any case, a more tho rough in
vest igat ion w o u l d be needed to make any 
f i rm conclusions regarding pred ic t ion o f 
the UTS using FEM analysis. 

Time-Independent Plasticity in the 
Base Metal 

A l though several exper imental investi
gations have revealed the presence o f 
plasticity in the base metal (Refs. 2, 8-10) , 
a quant i tat ive assessment of its ef fect o n 
the stress state w i th in the interlayer has 
not been pe r f o rmed . The f ini te-element 
m e t h o d al lows plasticity in the base metal . 

including concomi tant w o r k hardening of 
the base metal and the interlayer, t o be 
directly included in the analysis. There
fore , NIKE2D simulations w e r e pe r fo rmed 
for an interlayer w e l d ( t / d = 1/42) in 
wh ich b o t h the interlayer and the base 
metal w e r e mode led as v o n Mises elastic-
plastic materials. The vapor -depos i ted sil
ver propert ies w e r e used fo r the inter
layer and the annealed 304 stainless steel 
propert ies w e r e used for the base metal 
(see Fig. 2 and Table 1) since exper imental 
data w e r e available for these welds. Fig
ure 4 shows the ef fect ive stress at the 
center plane of the silver interlayer as a 
funct ion of the normal ized radial distance, 
r /r0 , at three di f ferent appl ied stresses for 
welds b e t w e e n elastic (maraging steel) 
and plastic (annealed 304 stainless steel) 
base metals. Figure 5 shows the cor re
sponding ef fect ive plastic strains as a 
funct ion o f r /rG at the center plane o f the 
interlayer and in the stainless steel base 
metal just above the interface. The slight 
d i f ference in E and i> for the t w o base 
metals cannot account for the large dif
ferences in behavior. For appl ied stresses 
be low that at wh i ch the 304 stainless steel 
significantly de fo rms plastically, the stress 
states in the interlayer are essentially iden
tical for the t w o types of base metal . Thus, 
the di f ferences in behavior b e t w e e n the 
t w o welds at the appl ied stresses shown 
are caused by plastic de fo rmat ion in the 
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Fig. 5 - NIKE2D predictions of the effective plastic strain at the center plane of the interlayer (z = 0) for silver-interlayer welds (t/d = 1/42) between 
maraging steel and annealed 304 stainless steel base metals at applied stresses of: 207 MPa (30.0 ksi), 258 MPa (37.5 ksi), and 293 MPa (42.5 ksi). The 
effective plastic strain in the stainless steel base metal just above the interface is shown as a dashed line. 
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Fig. 6 — The radial stress distribution at the cen
ter plane of the interlayer predicted by NIKE2D 
for silver-interlayer welds (t/d = 1/42) be
tween maraging steel and annealed 304 stain
less steel base metals deformed at an applied 
stress of 293 MPa (42.5 ksi). 

304 stainless steel base metal. 
The major effect of plasticity in the base 

metal is to partially relieve the mechanical 
constraint, allowing the interlayer to plas
tically deform much more than if the base 
metal deforms only elastically, as shown in 
Fig. 5. For an ideal plastic interlayer, the 
increased plastic strain does not change 
the effective stress within the interlayer. In 
this case, the interlayer stress state for 
welds using plastically deforming base 
metals is the same as that for welds using 
elastically deforming base metals loaded 
to the same far-field stress. Strain harden
ing of the interlayer, however, directly re
sults in an increase in o with increasing ef
fective plastic strain. Therefore, the stress 
distribution within the interlayer for a weld 
between plastically deforming base met
als will differ from that for a weld between 

oapp = 293 MPa 
(42.5 ksi) 

dsf 5.0 

Base 
metal 

Fig. 8 —Micrograph of a deformed silver-inter
layer diffusion weld (t/d = 1/42) between an
nealed 304 stainless steel base metals following 
deformation for 420 s at an applied stress of 
293 MPa (42.5 ksi). 

Interlayer 

Fig. 7—A section of the deformed mesh for a 
simulated silver-interlayer weld (t/d = 1/42) 
between annealed 304 stainless steel base 
metals at an applied stress of 293 MPa (42.5 ksi). 
All displacements have been magnified by a 
factor (dsf) of 5.0. The right-hand side of the 
mesh corresponds to the OD. 

elastically deforming base metals. The va
por-deposited silver used to model the 
interlayer in the present study strain hard
ens rapidly (Fig. 2), so the effective stress 
within the interlayer is much larger for the 
weld using 304 stainless steel base metals 
than for the weld using maraging steel 
base metals, as shown in Fig. 4. Also note 
that the peak in o near the OD is smaller 
for the weld between plastic base metals, 
which can be explained by the decreased 
slope of the effective stress-strain curve at 
large strains. The overall increase in o is 
accompanied by a decrease in or (and OH) 
relative to that for a weld using elastically 
deforming base metals, as shown in Fig. 6. 
This change in stress state significantly in
fluences the properties of the weld. For 
example, Rosen and Kassner (Ref. 9) have 
confirmed earlier results of West, et al. 
(Ref. 2), that plastic strain in the base metal 
leads to a lower UTS for the weld. 

Another effect of plasticity in the base 
metal is to increase the amount of the lo
cal plastic strain near the OD — Fig. 5. This 
increase is associated with the shape of 
the interface between the interlayer and 
the base metal. For an elastic base metal, 
the interface must remain essentially pla
nar, limiting the amount of local plastic 
strain. If the base metal can deform plas
tically, however, the interface near the 
OD becomes nonplanar in the manner 
shown in Fig. 7, and allows for more plas
tic strain in the interlayer. The NIKE2D 
prediction of a curved interface is consis
tent with the shape of actual welds, as 
shown in Fig. 8 for a silver-interlayer weld 
between annealed 304 stainless steel base 
metals. (The low radial strain in the base 
metal near the interface will be discussed 
in the next section.) Moffatt and Wulff 
(Ref. 13) observed similar nonplanar inter
faces near the OD in silver-interlayer 
welds between plain carbon-steel base 
metals. The consistency between the ge
ometry predicted by NIKE2D and that ob
served experimentally provides confirma
tion that the FEM analysis is reasonably 
accurate. 

As shown in Fig. 6, plasticity in the base 
metal not only decreases the overall radial 
(and hydrostatic) stress, but the peak in 
the distribution near the OD is eliminated 
as well. This result supports the conclusion 
that the peak in rjr (and OH) for welds be
tween elastic base metals is caused by the 
localization of interlayer plastic strain near 
the OD. As discussed in the previous sec
tion, for a thick interlayer weld between 
elastic base metals a localization of plastic 
strain near the OD causes an increase in 
the elastic strain, and therefore the princi
pal stresses, near the center axis of the 
cylinder. For a thin interlayer weld, the 
stress increase is localized to a region just 
inside that at which the plastic strain is 
concentrated, thus producing a peak in 
the or or OH distribution near the OD. For 
a plastic base metal, however, the large 
local plastic strain in the interlayer near the 
OD can be accommodated by plastic 
strain in the base metal, which leads to a 
curved interface such as those in Figs. 7 
and 8. Therefore, the stress in not redis
tributed as it is for the case in which the 
base metals (and the interface) are essen
tially rigid, and the principal stress peaks 
are diminished or eliminated. 

Time-Dependent Creep in the Base Metal 

Although thin interlayer welds may have 
ultimate tensile strengths much larger 
than that of the bulk interlayer material, it 
has recently been demonstrated that 
time-dependent, or delayed, failure of 
the welds can occur at applied stresses 
much lower than the UTS of the weld 
(Refs. 7-10). Fig. 9 shows the data of 
Kassner, et al. (Ref. 10), for the stress 
dependence of the ambient-temperature 
creep-rupture time of 150-jtm-thick 
( t /d = 1/42) silver-interlayer diffusion 
welds between two different base metals: 
vacuum annealed 304 stainless steel (yield 
stress = 221 MPa) and maraging steel 
(yield stress = 1518 MPa). At the applied 
stresses shown, the maraging steel de
forms only elastically. The stainless steel, 
however, creeps at ambient temperature, 
leading to much more rapid stress-rup
ture. As postulated earlier (Refs. 8,10,18), 
creep of the base metal produces con
comitant time-dependent shear in the in
terlayer. The rate of interlayer shear is 
controlled by the creep rate of the base 
metal. If this rate is faster than the creep 
rate of the interlayer acting under the ef
fective stress within the interlayer (which 
for Ag at ambient temperature is very 
small, Ref. 23), then stress rupture will be 
accelerated by base-metal creep. Ambi
ent-temperature creep of 304 stainless 
steel is reasonably well described by Equa
tion 2 over the stress range of interest. 
Thus, NIKE2D simulations were performed 
in which the stainless steel base metal was 
modeled using this equation. Since the 
room-temperature creep rate of pure sil-
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ver is much smaller than that of 304 stain
less steel (Ref. 23), the interlayer was again 
modeled using time-independent von 
Mises plasticity. These simulations provide 
the opportunity to confirm the base-metal 
control theory of stress rupture proposed 
earlier (Ref. 8). 

To assess the NIKE2D results, at least 
qualitatively, it was desirable to compare 
the shape of the deformed mesh with that 
of an experimentally tested weld. How
ever, the experimentally tested welds be
tween annealed 304 stainless steel base 
metals have an anomalous shape follow
ing creep deformation at room tempera
ture. As shown in Fig. 8, the radial (and 
therefore axial) strain in the base metal 
near the interface is less than that far from 
the interface. This behavior is caused by 
machining the faces of the base metal 
prior to coating them with silver, which 
produces surface damage and increases 
the strength of the steel near the interface 
(Ref.18). 

To model the behavior of these welds, 
the increased strength of the base metal 
near the interface was accounted for, at 
least approximately, in the following way. 
First, the hardness of the base metal was 
measured as a function of distance from 
the silver interface using microhardness 
techniques described by Rosen (Ref.18). 
Bulk samples of annealed 304 stainless 
steel were then strain hardened varying 
amounts by loading them in tension to 
various applied stresses. The microhard
ness of these samples was measured to 
derive an empirical relationship between 
hardness and tensile stress. A linear corre
lation, with relatively little deviation, was 
established (Ref.18). Using this empirical 
relationship and the hardness profile from 
the welded sample, a curve of flow stress 
in the base metal vs. distance from the sil
ver interface was constructed — Fig. 10. 
Since creep data at various applied stresses 
were already available for 304 stainless 
steel cold worked to 358 MPa (52 ksi), the 
step function shown in Fig. 10 by the solid 
line was used to approximate the actual 
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Fig. 10— The variation in strength of the 304 
stainless steel base metal as a function of 
distance from the silver interface. The solid line 
shows the approximation used in the NIKE 2D 
simulations. Data of Rosen (Ref. 18). 
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strength-distance profile. From the creep 
data for cold-worked 304 stainless steel, 
the creep constants in Equation 2 were 
then evaluated. The results of this analysis 
gave: A = 1.58 X 10 - 6 6 (for stress in MPa, 
and time in seconds), n = 24.76 and 
m = 0.31. These constants were then 
used for the 5 rows of base-metal ele
ments closest to the interface (75 ^m or 
t/2), and the creep constants listed in Ta
ble 1 were used for the remaining ele
ments in the base metal.The silver inter
layer was modeled using time-indepen
dent von Mises plasticity. 

To simulate a creep test, the load was 
applied over a period of 10 s (to avoid 
numerical difficulties) and then held 
constant at 293 MPa (42.5 ksi) for an addi
tional 400 s. The resulting mesh shape is 
shown in Fig. 11, and the experimentally-
tested weld is shown in Fig. 8 
( t /d = 1/42 for both). Qualitatively the 

E 
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shapes are similar, demonstrating the suc
cess of NIKE2D and confirming the as
sumption that the anomalous shape is due 
to machining damage of the base metal 
interface. As expected, the strain in the 
base metal is smaller near the interface 
than far from it. 

The inelastic response of the weld is 
shown in Fig. 12A at three positions along 
the center axis (r = 0) of the mesh: (a) at 
the center plane of the interlayer (z = 0), 
(b) in the base metal just above the inter
face and (c) in the base metal at the top of 
the mesh, far from the interface. The lat
ter position represents the behavior of 
bulk annealed 304 stainless steel, and 
should correspond to that which would 
be obtained directly from Equation 2 for a 
constant stress of 293 MPa. Following 
410 s of creep, there is less than 0.1% 
error in the effective plastic strain com
puted by NIKE2D compared with the 

Fig. 11-A section of 
the finite-element 
mesh of a 
silver-interlayer weld 
(t/d = 1/42) 
between annealed 
304 stainless steel 
base metals 
deformed for 410 s 
at an applied stress 
of 293 MPa (42.5 
ksi). 
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exact, solution from Equation 2. Figure 12A 
also shows that the creep strain in the base 
metal near the interface is always less than 
that far from the interface. The most im
portant feature of Fig. 12A is that time-
dependent creep of the base metal in
duces time-dependent plastic deforma
tion of the interlayer, even though the 
interlayer alone deforms in a time-inde
pendent manner. Note that the creep rate 
of the interlayer closely follows that of the 
stainless steel base metal. Furthermore, 
following 410 s of creep, the effective 
plastic strain in the interlayer is much larger 
than if the base metal deforms only elas
tically, as shown by comparing Fig. 12A 
with the results in Fig. 5 for welds using 
maraging steel base metals. 

Figure 12B shows the time dependence 
of the effective stress within the interlayer 
(z = r = 0). The effective stress is less than 
the applied stress (because of the triaxial 
stress state) but increases with time as the 
silver deforms and strain hardens. Again, it 
is creep of the base metal that reduces the 
triaxial constraint in the interlayer and 
allows the silver to deform and the effec
tive stress to increase. In other words, 
creep of the base metal controls the be
havior of the interlayer, and therefore the 
rupture time of the weld. This confirms 
the base-metal control theory proposed 
in an earlier paper by the authors (Ref.8). 

For strain-hardening interlayers, another 
important effect of creep (or time-inde
pendent plasticity) in the base metal is that 
it relieves the hydrostatic stress within the 
interlayer. Hydrostatic tensile stresses are 
known to promote fracture (Refs. 21, 22), 
so knowledge of how OH changes with 
time and base metal properties is useful 
for understanding failure of the welds. For 
example, the relatively low OH in welds 
between plastically deforming annealed 
304 stainless steel base metals may explain 
the relatively large fracture strains (e.g., 2-
3%) compared to those for welds be
tween elastically deforming maraging steel 
base metals (< 0.5%) (Ref. 9). Figure 12C 
shows the time dependence of OH at 
z = r = 0. The effect of base-metal creep 

in reducing OH is most clearly evident for 
times greater than 10 s; OH decreases for 
a constant applied stress. Less apparent, 
the large amount of creep strain during 
loading also effects OH- In total, following 
410 s of creep at an applied stress of 293 
MPa (42.5 ksi), oH is about 147 MPa. This 
value is 40% lower than that for a weld 
using maraging steel (elastic) base metals 
at the same applied stress, for which OH is 
231 MPa. 

Summary and Conclusions 

The purpose of this investigation was to 
develop a quantitative understanding of 
the stress and strain states in thin interlayer 
welds loaded in tension. This study was 
largely motivated by recent experimental 
studies of time-dependent, or delayed, 
failure of these types of welds (Refs. 7-10). 
The NIKE2D FEM code was used to effi
ciently analyze the states of stress and 
strain in the interlayer for a wide variety of 
geometries, loading conditions and mate
rial behaviors. For the first time, the influ
ence of base-metal plasticity, both time-
independent and time-dependent, on the 
interlayer stress and strain states have 
been examined. The correlation of these 
results with experimental findings has been 
discussed. The major conclusions drawn 
from the FEM study are listed below. 

1) For elastic base metals, the simple 
analytical solution for the radial stress 
given by Equation 1 is qualitatively correct 
for thick interlayers; or increases roughly 
linearly with decreasing radial distance 
from the center axis of the cylindrical weld 
and or increases as t / d decreases. Quan
titatively, the radial stresses computed by 
NIKE2D in this case are about 50% larger 
than those predicted analytically. The rea
son for this discrepancy has been attrib
uted to the nonuniform plastic strains in 
the interlayer, which are not fully ac
counted for in the analytical expression. 

2) For thin interlayer welds between 
elastic base metals the radial stresses (and 
other principal stress components) com
puted by NIKE2D differ significantly from 

those predicted analytically or presented 
in an earlier FEM study on thick interlayer 
welds (Ref. 3). First, as t / d decreases, the 
principal stresses over most of the inter
layer decrease, which is the opposite of 
that predicted analytically. Second, as t / d 
decreases, the stress distribution across 
the interlayer becomes more uniform, 
with a small peak occurring near the out
side diameter of the cylindrical weld. 
Third, the sensitivity of the stress state to 
changes in t / d decreases rapidly as t / d 
decreases, consistent with experimental 
observations of plateaus in the strength 
(Refs. 9,18) and rupture life (Ref.18) vs. t /d . 

3) Strain hardening in the interlayer 
produces stress and strain states in the in
terlayer that are more uniform than for an 
ideal plastic interlayer. Strain hardening 
also decreases the radial and hydrostatic 
stress components for a given applied 
stress. The transition from thick-joint to 
thin-joint behavior occurs at larger t / d 
values for strain-hardening interlayers than 
for ideal plastic ones. 

4) Time-independent plasticity in the 
base metal, which partially relieves the 
mechanical constraint, significantly in
creases the amount of plastic strain in the 
interlayer produced by a given applied 
stress, particularly near the OD. For strain-
hardening interlayers, such as the silver in
vestigated in this study, the increase in in
terlayer plastic strain significantly alters the 
stress state in the interlayer. The effective 
stress is larger than for welds between 
elastic base metals, and the hydrostatic (or 
principal) stresses are smaller. In addition, 
the stress state is more uniform across the 
interlayer. 

5) Time-dependent plasticity, or creep, 
of the base metal has an effect on the in
terlayer stress and strain state similar to 
that produced by time-independent plas
tic deformation of the base metal. In this 
case, creep of the base metal can induce 
time-dependent plastic deformation in the 
interlayer, even if the interlayer material 
alone does not creep. The creep rate of 
the interlayer is controlled by the creep 
rate of the base metal, consistent with 
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earlier experimental results reported by 

the authors in this journal. 

6) By accounting for machining dam

age of the base metal surface, NIKE2D 

predictions of the geometry of a thin 

interlayer weld subjected to creep loading 

is qualitatively consistent with the shape of 

experimentally tested welds. 
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Appendix 

Symbol 

A 
D 

d 

E 
m 

n 

OD 

r 

ro 
f 
z 

«cr 
o 

°r\ 
Or 

0"z 
ay 

V 

T 

Meaning 

constant in primary creep law 
triaxiality parameter, 3OH/2O 

diameter of cylindrical speci

men 
Young's modulus 
time exponent in primary 

creep law 

stress exponent in primary 
creep law 

outside diameter of cylindrical 

specimen 

radial distance from the center 
axis 

initial radius 

interlayer thickness 

axial distance from the inter

layer mid-plane 

effective creep strain 

von Mises effective stress 

hydrostatic stress 
radial stress 

axial stress 
yield stress of bulk interlayer 
material 

Poisson's ratio 

time (primary creep law) 
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