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The use of micro-channel heat exchangers (MCHEX) with
coolant flow passage diameters less than 1 mm has been pro-
posed for heat flux, weight, or volume limited environments.
This paper presents room temperature, random amplitude,
ε − N (strain versus number of cycles to failure) curves for
MCHEX coupons formed by electroplating nickel on a suit-
able form. These coupons are unique in two aspects; the mi-
crostructure formed by electroplating and the presence of
holes as an integral part of the structure. The hole diame-
ters range from approximately 10% to 50% to the specimen
thickness. The fatigue life of electroformed nickel can be es-
timated from constant amplitude data using the formulation
presented. The heat exchangers with channels parallel to the
coupon direction have a lower fatigue life than the solid ma-
terial.

1. Introduction

The use of micro-channel heat exchangers (MCHEX)
which have coolant flow passage diameters less than
1 mm has been proposed for a number of applications.
These include high heat flux, weight or volume lim-
ited environments such as computer microprocessors
or the leading edges of hypersonic vehicles. A variety
of manufacturing methods have been used to produce
the heat exchangers. Most methods join a face sheet to
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a grooved back sheet by brazing or diffusion bonding,
and then braze manifolds to the heat exchangers. The
heat exchangers to be studied in this paper were con-
structed by electroplating nickel on a suitable form to
create a thin sheet with holes in the plane of the sheet.
The final thickness was obtained by grinding. Two ge-
ometry’s were available; round or roughly rectangular
channels as shown in Fig. 1.

The objective of the study was to create a room tem-
peratureε–N curve for the MCHEX when exposed to
narrow band random excitation around the first fun-
damental bending mode. The coupons are unique in
two aspects: the microstructure formed by electroplat-
ing and the presence of holes as an integral part of
the structure. One question to be answered was; could
standard fatigue data for nickel be used to predict the
fatigue life of the MCHEX. Since the outer fiber of the
material is the most highly stressed, the channels may
not be significant. On the other hand, channels, espe-
cially rectangular ones, may present stress concentra-
tions that result in failure modes that differ from a solid
specimen. The results imply that this may happen in
the MCHEX.

Fig. 1. MCHEX with holes perpendicular to the long axis of the
coupon.
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Not all the specimens were tested in time to be in-
cluded in this paper. The available coupons came from
two sources, 3M Co. and AAVID Laboratories, but
were all manufactured at 3M. The specimens were
meant to prove the manufacturing concept rather than
for production, so no specific quality control proce-
dures were followed. It may be possible to improve the
quality by studying the failed specimens to eliminate
the worst failure modes if they can be related to the
manufacturing process. The nickel that results from the
electroforming process is in a soft state similar to an
annealed condition. It is possible to get a harder mate-
rial by the addition of the proper additives during the
plating. The specimens to be discussed are either solid
or have channels parallel to the long axis of the coupon
and were produced by 3M.

2. Test specimens

The specimens were all nominally 25.4 mm wide×
102 mm long (1′′ × 4′′) except one solid specimen
which was 127 mm (5′′) long. The 3M MCHEX were
1.09 mm (0.043′′) thick and have round holes with a
diameter of 0.508 mm (0.02′′). The orientation of the
channels was parallel to the long axis of the coupons.
The solid specimens were 1.04 mm (0.042′′) thick.
These specimens were received ground on both sides.

The single AAVID specimen tested was 1.32 mm
(0.052′′) thick with channels that were alternately
wide and narrow. The narrow channels were nominally
0.0498 mm× 0.162 mm (0.002′′×0.0064′′) while the
wide ones were nominally 0.0747 mm× 0.162 mm
(0.003′′ × 0.0064′′). As seen in Fig. 2 these channels
were not perfectly uniform in shape. The orientation
of the channels was perpendicular to the long axis of
the coupon. As received the AAVID specimens varied

Fig. 2. Photomicrograph of AAVID specimen.

significantly in thickness so they were ground on the
side farthest from the holes to achieve uniform thick-
ness but this was not enough to place the holes at the
center of the coupon. The surface finish on the ground
side was 0.8µm and the other was in the as-received
condition. Due to manufacturing tolerances the chan-
nel centers did not form a perfect line along the center
of the cross section for either heat exchanger type.

3. Instrumentation and test setup

The shaker tests were conducted at the Wright Lab-
oratory in the Structural Dynamics branch. The speci-
mens were cantilevered one at a time on a shaker. The
first 25.4 mm (1′′) of the coupon was in the fixture for
a free length of 76.2 mm (3′′). The only exception was
one of the solid specimens which was 127 mm (5′′)
long with a free length of 102 mm (4′′). Measurements
Group, Inc WK-07-125AD-350 strain gages were at-
tached to both sides of the specimen at the root to pro-
vide strain data. Due to the fact that strain gages often
fail during high cycle fatigue testing, a laser vibrome-
ter was also used to monitor strain. A vibrometer mea-
sures velocity at a given point on a test specimen, this
velocity is then integrated into displacement. The dis-
placement is then plotted versus strain from the strain
gages. Strain versus displacement points are plotted for
multiple input levels (all below the test level). Because
this relationship is linear, and independent of tempera-
ture, strain can be computed from this plot using only
the integrated velocity from the vibrometer. The spec-
imens were excited with a low level broad band sig-
nal to determine the first bending mode and then ex-
cited with a narrow band random signal (bandwidth≈
100 Hz) centered around the fundamental frequency.
The shaker input was set to achieve a desired RMS
strain and the data acquisition system recorded the fun-
damental frequency and the number of accumulated
cycles. The system is shown schematically in Fig. 3.
More details can be found in Camden et al. [1]. The
tests were run until a significant decrease in natural fre-
quency indicated failure. This is typically 10% for met-
als, but will vary with the material being tested. For
the nickel specimens tested in this study, a 2% shift in
the resonance was used to define failure. The failure
criteria is covered in more detail in the discussion of
results.
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Fig. 3. Test set up.

4. Theoretical considerations

It is desirable to compare the experimental results
with those found for conventionally formed nickel
specimens to assess the manufacturing process. The
authors were not able to find narrow band random re-
sults so a conversion from data taken using sine exci-
tation was used. A conservative method suggested by
Rudder and Plumbee [6] uses Miner’s cumulative dam-
age rule and assumes the random excitation follows a
Rayleigh distribution.

It is given by:

Nr(σ) =

[∫ ∞
0

p(s)
Ns(s)

ds

]−1

, (1)

whereNr(s) is the number of cycles to failure in a
random excitation environment described by an RMS
stresss; Ns(s) is the number of cycles to failure in a
constant amplitude sine excitation at stress levels. The
Rayleigh distribution is given as:

Table 1

Curve fit constants for nickel data of the formN (s) = asb

Sine data, cut direction a (ksi)−b b

parallel 4.15901× 10−21 −10.1317

perpendicular 1.76042× 10−23 −12.1507

p(s) =
s

σ2
e−s

2/(2σ2). (2)

The upper limit of integration was set at 496 MPa
(72 000 psi) andN (s) was calculated for two differ-
ent cuts of nickel sheet subjected to fully reversed
bending with zero mean stress. One cut formed speci-
mens parallel to the direction the sheet was rolled and
the other perpendicular. Published data from Grover
et al. [2] was curve fit in a least squares fashion
to a power law with the formN (s) = asb and
the integral calculated numerically. Table 1 gives the
values ofa and b for the different curve fits. This
was then converted to strain as a function of cy-
cle count to be compatible with the experimental
data.
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Fig. 4. Comparison with published data.

5. Results

Figure 4 compares the experimental results for the
solid material with the published sine data and equiv-
alent random curves. The top two lines are the pub-
lished constant amplitude curves which are typically
much higher than random data. The bottom two lines
are the equivalent random excitation curves calculated
from Eq. (1). The symbols are the solid nickel data
and can be seen to be slightly higher but in reasonable
agreement with the parallel random equivalent curve.
The data points were calculated using a settling period
as will be discussed later in more detail.

Figure 5 presents the MCHEX data. The dashed
curves are the same equivalent random curves as in
Fig. 4. The single AAVID data point is seen to lie
roughly on the same line as the solid material. More
data will be needed to draw any conclusions about that
material. The results for the 3M MCHEX are shown as
two different sets of data corresponding to two differ-
ent methods of handling the data. The first method does
not account for a settling period for any of the runs. The
second method attempts to separate an initial period
where the natural frequency drops rapidly before lev-
eling off. Since it may be questioned that this is appro-
priate, both results were included. It can be seen that
the corrected data is bracketed by the equivalent ran-
dom curves with a similar slope. The uncorrected data

Fig. 5. MCHEXε–N curve for channels parallel to the coupon axis.

has a larger slope and thus is more conservative. How-
ever, it also lies between the random equivalent curves
for N less than approximately 5× 107. The MCHEX
data has significantly more scatter than the solid ma-
terial regardless of the method chosen for calculating
the failure point. Using the corrected data does reduce
scatter. This can be seen from the values forR2 for the
curve fits shown in Table 2. The closer theR2 value is
to one, the better the curve fits the data. The maximum
deviation from the line and the standard deviation of
the deviation from the line is also shown in Table 2.
The corrected data shows two values forR2 and the
maximum deviation. The smaller values are arrived at
by not using the value for 3M specimen #2 because it
was determined that it could be a spurious data point
using Chauvenet’s criteria as given by Holman. In the
uncorrected data this point also showed a large devia-
tion from the line but not large enough to delete from
the data set.

The deviation from the curve fit was calculated as:

% deviation

=
(Exp. Value)− (Curve Fit Value)

Curve Fit Value
× 100. (3)
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Table 2

Data curve fit (strain= aNb) statistics

Specimens Settling period No. of points Curve fitR2 Max. dev. % Stand. dev.

3M Solid No 5 0.1731 22.3 15.4

3M Solid Yes 5 0.9855 3.4 2.1

MCHEX No 11 0.8191 17.6 10.5

MCHEX all data Yes 11 0.8447 20.2 9.9

MCHEX without # 2 Yes 10 0.8766 18.3 7.8

The standard deviation is calculated from the devia-
tions in the usual manner. The data for the solid ma-
terial without using a settling period was distorted sig-
nificantly by one data point because there were only
five specimens. Other than that point the data was sim-
ilar for both methods. As can be seen the maximum
and standard deviations are very good for the solid ma-
terial when the settling period was used. For the heat
exchangers the standard deviation is smaller when the
settling period is used although the maximum percent
error is larger.

The modulus of elasticity for the solid material was
calculated using the standard equation for vibration of
a cantilever beam given as:

ω1 =
11
L2

√
EI

ρA
, (4)

whereω is the first fundamental frequency (Hertz),L
is the free length of the specimen (in),E is the modu-
lus of elasticity (psi),I is the second moment of area
with respect to the centroidal axis (in4), ρ is the den-
sity lbm/in3,A is the cross sectional area of the coupon
(in2). The elastic modulus was found to be roughly
1.39 GPa (20.2× 106 psi)± 12.7% which is similar
to cast nickel but considerably lower than 2.07 GPa
(30× 106 psi) which is common for other forms of
the material. These results have not been confirmed by
static tests at this time.

6. Discussion of results

The discussion can be separated into two parts re-
ferring to the variability of the failure of the heat ex-
changers and the failure criteria used. Figure 6a shows
a view of an aluminum specimen after failure. It dis-
plays the typical crack front bands associated with fa-
tigue failure. Figure 6b shows several nickel coupons
after failure. They were deliberately broken completely
after the test to reveal the crack plane. As can be seen,

Fig. 6a. Typical bending fatigue failure in an aluminum specimen.

Fig. 6b. Typical bending fatigue failures of the nickel specimens
tested.

Fig. 7. Typicalω–N curve with a defined settling period.

even the solid specimen does not show the expected
fracture surface. There are different failure modes oc-
curring that may be due to a combination of property
variations in the solid and because the channel did not
all lie on the centerline. There appears to be a marked
difference in the material properties in a rectangular
area bounding each hole. Fracture surfaces emanate
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Fig. 8. Example of data smoothing with 6th order polynomial.

around each hole but stop at the boundaries between
holes. Since some of the channels are closer to one sur-
face, the bending stresses on the top and bottom vary,
which could lead to the wide variations in fatigue life.
Shear stresses which are a maximum along the neu-
tral axis may also contribute to failure causing crack-
ing between the holes and leading to a different failure
mode.

The failure criteria was assumed to be a 2% de-
crease in the resonant frequency,ω. This has been
used by previous authors (Konig [4], Muller and
Grunewald [5]) by examining the natural frequency-
cycle count curve to find a place where the curve be-
comes level after an initial “settling period” as shown
in Fig. 7. This settling period is not always observed
with metals but in this case the material was not
isotropic and some of the specimens exhibited this be-
havior. The decrease inω, ∆ω, is measured from this
initial natural frequency,ω0. Unfortunately, it is not
always easy to tell where to chooseω0 due to scat-
ter in the data or because there is no well defined lev-
eling of the curve. The data was smoothed by fitting
with a 6th order polynomial. In cases where a set-
tling period could not be distinguished the value from
the curve at the first recorded cycle count was used
for ω0. It is still not certain that this is the best ap-

proach because it inconsistently treats the data. That
is why both results are shown in Fig. 5. The curve
fit was also used to find the value forN where∆ω
was 2% ofω0. Figure 8 show examples of the fitted
data. In some cases the curve fit drops before the ex-
perimental data. This may not cause that much of a
problem if the fit is still adequate at the point where
it is decided that failure has occurred. In other cases
the curve fit has oscillations that do not seem to track
the data as well as may be desired. Notice that the
scatter is often larger than the 2% being used as the
failure criterion so some type of smoothing is essen-
tial.

Table 3 shows the cycle count using different values
for ∆ω. For much of the data there is not a large differ-
ence in the results if 2%, 3% or 5% is used for the fail-
ure criterion becauseω drops quickly once it starts the
sudden drop that signals complete failure of the speci-
men. It should be noted that the scatter will decrease if
a larger value of∆ω is used but the results will be less
conservative.

In the future it may be helpful to correlate the actual
failure mechanism with theω–N curve. This would
give a better understanding of how to estimate remain-
ing life from the decrease in natural frequency. Con-
sider a simplistic approach using Eq. (4). This equation
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Table 3

Cycle count using different values of∆ω for failure criteria

Specimen RMSε 2% 3% 3.50% 5%

solid 5 550 8.57× 105 1.66× 106 1.71× 106 1.78× 106

solid 6 430 1.25× 107 1.31× 107 1.33× 107 1.37× 107

solid 6a 463 4.76× 106 4.83× 106 4.86× 106 4.93× 106

solid 7 373 2.98× 107 3.04× 107 3.06× 107 3.12× 107

solid 8 353 6.39× 107 6.52× 107 6.56× 107 6.69× 107

1 350 7.75× 106 7.87× 106 7.91× 106 8.03× 106

2 587 1.89× 105 2.87× 105 2.96× 105 3.12× 105

3 435 3.89× 105 4.66× 105 5.02× 105 6.12× 105

4 437 6.52× 105 7.05× 105 7.23× 105 7.65× 105

6 269 5.77× 107 5.87× 107 5.90× 107 6.00× 107

7 424 4.41× 105 4.94× 105 5.17× 105 5.79× 105

8 361 1.47× 106 6.71× 106 6.87× 106 7.12× 106

9 527 4.58× 105 5.03× 105 5.15× 105 5.37× 105

10 366 1.05× 106 1.30× 106 1.41× 106 1.71× 106

11 368 3.56× 106 3.65× 106 3.69× 106 3.77× 106

12 268 1.57× 108 1.60× 108 1.61× 108 1.64× 108

implies that for the natural frequency to decrease,E
and/orI must change. For most materials only moment
of inertia, I, will change with the onset of cracking.
This implies changes in the width and/or the thickness.
For a uniform cross-section beam the change of inertia
with accumulated loadings cannot be measured. Refer-
ring again to Fig. 6a, even though the position of the
crack tip at the surface can be recorded as a function of
accumulated cycles, the location of the leading edge of
the crack at any point below the surface cannot be de-
termined. The crack front curves and becomes parallel
to the midline where the bending stresses are zero. A
similar crack (not shown in the figure) will approach
the midline from the bottom of the specimen. Compli-
cated specimens such as those in Fig. 6b do not show
any recognizable evidence of crack growth and do not
provide any basis for estimating fatigue damage from
frequency degradation. Is 2% change a better number
to use than 3%? It is more conservative but when the
ω–N curve is flat, as seen in some of the data, the error
in the number of cycles can be very large. The impor-
tant question seems to be how far away from total fail-
ure is this? This seems to be a problem in fracture me-
chanics especially when there is more than one failure
mode. A careful study would require some means of
inspecting the specimen at specified intervals or possi-
bly doing residual strength tests on a large number of
coupons. Until a means of accounting more precisely
for the actual change in inertia, we can only gather an
accumulation of test data and look for trends.

7. Conclusions

The fatigue life of electroformed nickel can be esti-
mated from constant amplitude data using the formula-
tion presented. The heat exchangers with channels with
diameters approximately 50% of the coupon thickness
and parallel to the coupon direction have a lower fa-
tigue life than the solid material. They also show a
large scatter, which seems to indicate different failure
modes are occurring. However, the data below 5× 107

cycles can still be bracketed by estimates from previ-
ously published data. It is expected that the fatigue life
of MCHEX with channels running perpendicular to the
coupon will have a lower fatigue life than one with
parallel holes, but testing will be needed to confirm
this. There is still not a good way to define failure. The
method that gives the least scatter still involves visual
examination of data and judgment of how it changes.
This can lead to variation in interpretation which is still
not resolved.
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