





NPL Report MAT 29

3.4.3 MBDA Coatings

For this coating, the surface area available for indentations was restricted and so the
indentation pattern was modified to comprise two long rows instead of a square. The same
total number of indentations was obtained in each pattern (see Figure 22). Figure 23 shows
the variation of hardness with depth and age. The spread of results is again large, and no
hardening effect with age can be deduced.

Figure 22: Indentations pattern on the rough surface of MBD Type A

MBD A: Hardness variation with Depth
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Figure 23: Variation of hardness with depth and age of the MBD Type A specimen

21



NPL Report MAT 29

3.44 MBDB Coatings

The surface of the MBDB coating is somewhat smoother as witnessed by the reflection seen
in Figure 24. Figure 25 shows the variation of hardness with depth and age. The spread of
results is large, and no hardening effect with age was detected.
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Figure 24: Indentations on MBD Type B. The surface is slightly smoother.

MBD B: Hardness variation with Depth
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Figure 25: Variation of hardness with depth and age of the MBD Type B specimen.
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3.4.5 PHLA Coatings

The surface of this coating exhibited micro roughness as seen in Figure 26. Two specimens
of type A were tested at two ages. The hardness measurements with normalised depth
(=depth/coating thickness) and age are shown in Figure 27. An unusual trend may be noticed
in these measurements; the hardness difference between nominally identical samples
increases with age. At age 1 both of the type A specimens behaved in a similar way, but at
age 2, one type A (specimen A) had a lower hardness, and the second type A (specimen B)
had a higher hardness. This effect is very marked and can be easily seen in the individual
force-displacement curves for specimen PHL A2(A) and specimen PHL A2(B) shown in
Figure 28. A marker has been placed at a penetration of 4000 nm to aid comparison. Note
that in specimen A nearly all the force-displacement curves penetrate deeper than 4000 nm,
whilst in specimen B none of them do.

In order to try to understand this difference between specimens, coating thickness
measurements were made on both specimens using X-ray reflection fluorescence (XRF). The
thickness values are shown in brackets in Figure 27. The type A coating on specimen A was
found to be approximately 20% thicker than the type A coating on B. This difference in
thickness is not enough to explain the opposite ways in which the two, nominally identical,
specimens have aged. One has hardened and the other has softened. Although the
measurement spread is smaller and reveals clear trends of hardness with depth, these trends
do not change with age and the difference in average hardness between the two specimens
suggests that ageing mechanisms other than growth of an intermetallic layer are dominant.

K G, (T AR L A
Figure 26: Indentation pattern on the surface of the PHL Type A specimen.
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PHL A: Hardness variation with normalised Depth
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Figure 27: Hardness variation against normalised depth for the two specimens (A & B) of PHL
Type A at two different ages.
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Figure 28: Individual force-displacement curves for the indentations made on PHL Type A,
specimens A and B. Notice the differences in penetration depth.
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3.4.6 PHLB Coatings

Six specimens of PHL Type B were examined two at each of three ages. A typical
indentation site is shown in Figure 29. The hardness measurements with normalised depth
and age are shown in Figure 30. Here again, individual samples show the expected trend in
hardness with indentation depth, but the data obtained from the differently aged samples do
not follow a simple trend with age. At all ages, there is a significant difference in the
hardness measured for the two samples tested. This difference appears to increase with age
and be a maximum at age 2.

Figure 29: Indentation pattern on the surface of a PHL Type B specimen.

To demonstrate that the differences were not solely due to thickness variation, the data
corresponding to the first two ages are re-plotted in Figure 31 against a normalised depth, and
the XRF measured coating thicknesses are included in the diagram. Data on the thicknesses
of the coatings of the specimens after age 3 were unfortunately not available.

The coating thicknesses vary significantly from specimen to specimen and the normalised
plot shows that the measured hardness does increase at lower relative indentation depths at
age 2, consistent with the hypothesis of a growing intermetallic layer. However, there is a
larger sample-to-sample difference which is not uniquely related to the normalised depth and
which appears to slightly increase with age of sample.
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PHL B:Hardness variation with Depth
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Figure 30: Hardness variation against depth for the two specimens of PHL Type B at three
different ages.

PHL B: Hardness variation with normalised Depth
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Figure 31: Hardness variation of the two PHL Type B specimens for the first two ages plotted
against normalised depth. The numbers in brackets are the X-ray Reflection Fluorescence
(XRF) measured coating thickness of the specimens.
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3.4.7 RHI1A Coatings

Two specimens of this type were measured at three different ages. A typical indentation site
is shown in Figure 32. The surfaces were significantly smoother than RH Type B coatings.
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Figure 32: Indentation site on RH Type A coating
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Figure 33: Hardness variation against normalised depth for the two specimens of RH Type A at
three different ages.

The hardness measurements made on these specimens are shown in Figure 33. Notice again
that although the measurement spread within single indentation runs is generally good, the
differences observed for different ages are not consistent. In this instance the two specimens
start with very dissimilar hardnesses at age 1, but the samples for age 2 are very similar (and
much softer). The samples for age 3 are again harder and once again dissimilar. There is no
clear conclusion that can be derived from these observations.
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3.4.8 RHIB Coatings

Two specimens of this type were measured at three different ages. A typical indentation site
is shown in Figure 34. The surfaces were significantly rougher than RH Type A.

Figure 34: Typical indentation site on RH Type B specimen

The hardness measurements made at the three different ages are shown in Figure 35. Notice
that there is reasonable consistency between the specimens for the hardness measurements
obtained at ages 1 and 2, but there is a large difference between the two specimens at age 3. If
we can assume that the coatings are initially identical, it appears that the coatings start at a
medium hardness, then softened considerably by age 2, and then only specimen B hardened
by age 3 whilst specimen A remained soft.

A more pronounced difference between RH Type A and Type B coatings was seen when
comparing the force-removal curves. Figure 36 shows the force-removal curves obtained
after a holding period of 60 s at maximum force. Notice that at the first part the force-
removal curves for both type A and type B are fairly straight. However with increasing age
the force-removal curves of the Type B coating show a considerable curvature or “nose”.
Fitting a straight line through this nose causes considerable error in the estimation of
hardness. This curvature is caused by the creep behaviour of the coating, which is extremely
pronounced in the type B coating because, even after a holding period of 60 seconds, the
indenter continues to penetrate the coating even though the load has already started to
decrease. The high creep rate means that the hardness value obtained is largely a matter of
how soon or how quickly the measurement is made. The very significant difference in creep
between samples with age is the clearest conclusion that can be derived as to the differences
between coating Type A and Type B.
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RH B: Hardness variation with Depth
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Figure 35: Hardness variation against depth for the two specimens of RH Type B at three
different ages. The age 3 B sample is very significantly different to the rest (reason unknown).
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Figure 36: Differences in force-removal curves for RH type A and Type B coatings (specimen A
in each case). Notice how the large amount of creep in coating type B at higher ages causes a

“nose” in the data.
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3.4.9 ROLA Coatings

The substrates were leads for electronic components. In order to accommodate the
indentations they were arranged in a single line. See Figure 37.

The hardness measurements made at the three different ages are shown in Figure 38. Notice
that the scatter in the agel and age 3 data both within a sample and between samples is high
but that for age 2 is much lower. Figure 39 shows the force-increasing curves after they have
been re-originated. Clearly the variability is large and indicating that there is a lack of
consistent deformation behaviour within the samples.

Figure 37: Indentations on a lead supplied by ROL.

Figure 38: Hardness variation against depth for the two specimens of ROL Type A at three
different ages.
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Figure 39: Re-originated force-increasing curves for ROL Type A age 3 showing the cause of
the large variation in hardness seen in the yellow data set of Figure 38

3.4.10 ROLB Coatings

The substrates were leads for electronic components. In order to accommodate the
indentations they were arranged in a single line. See Figure 37.

The hardness measurements obtained from ROL Type B leads were similarly variable (see
Figure 40). The difference in the depth of indent achieved in specimens A and B at age 2 can
be seen clearly in Figure 41, where an arbitrary marker has been placed at 5000 nm as a
guide. In this case, not only were there dramatic differences between the two specimens, but
there were also large differences between the different series of indents carried out on the
same specimen, see Figure 42. The variability of hardness measurements suggests that other
mechanisms and/or inhomogeneities are dominant in determining indentation hardness.
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ROL B: Hardness variation with Depth
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Figure 40: Hardness variation against depth for the two specimens of ROL Type B at three
different ages.
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Figure 41: Individual force-displacement curves for the indentations made on ROL Type B,
specimens A and B. Notice the differences in penetration.
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Figure 42: Individual force-displacement curves for the indentations made on ROL Type B,
sites 1 and 3 on the same specimens. Notice the differences in penetration.

3.4.11 SCHC Coatings

Two samples of SCH type C were tested at each of three different ages. The surface was
fairly rough, making its appearance matt grey. The typical indentation pattern is shown in
Figure 43.

Figure 43: Typical indentation pattern on SCH Type C.
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The hardness measurements obtained on the six specimens of type C are shown in Figure 44.
Although the measurement spread is better than in many previous cases, the noise is still
large enough to mask any systematic changes with ageing that may be present. Whiskering
can be seen inside a hole of a frame after three months of storage at 22°C in a temperature
controlled laboratory, Figure 45.

SCH Type C: Hardness variation with Depth

0.6

0.5

0.4

—e—Age 1
—m— Age 2
Age 3

0.3 |

0.2

Hardness (GPa)

0.1

0 1000 2000 3000 4000 5000 6000 7000 8000
Depth (nm)

Figure 44: Hardness measurements against depth for three ages of SCH Type C.

Figure 45: Optical micrographs of a part of SCH Type C frame taken with reflected and
transmitted illumination. The specimen was age 1 but stored at 22°C in a temperature
controlled laboratory for 3 months.
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3.4.12 SCHD Coatings

The overall appearance of the Type D specimen was brighter. A typical indentation site is
shown in Figure 46. The hardness measurements obtained on the six specimens of type D are
shown in Figure 47. Age 3 samples are slightly harder than the rest. Notice that, for all
samples, the hardness has very little depth dependence indicating very little substrate effect.
This was an unexpected finding and to gain greater understanding of this, coating thickness
measurements were performed on the specimens of age 1 and age 2.
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Figure 46: Typical indentation pattern on SCH Type D.

SHC Type D: Hardness variation with Depth
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Figure 47: Hardness measurements against depth for three ages of SCH Type D.
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Figure 48 shows the hardness plotted against normalised depth. The coating thickness was
shown by XRF to be so large that the maximum indentation depth is still only 60% of the
coating thickness. This explains why there appears to be no depth related effect in the
hardness and indicates that it would take a large increase in intermetallic layer thickness
before it could be detected. At the indentation depths here, the layer is so thick it behaves like
a bulk specimen.

Advanced whiskering could be seen inside a rectangular hole of a frame after three months of
storage at 22°C in a temperature controlled laboratory, see Figure 49.

SCH Type D: Hardness variation with normalised Depth
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Figure 48: Hardness measurements against normalised depth for three ages of SCH Type D.

Notice that the maximum indentation depth is only 60% of the coating thickness as measured by
XREF.

Figure 49: Optical micrographs of a part of SCH Type D frame taken with reflected and
transmitted illumination. The specimen was age 1 but stored at 22°C in a temperature
controlled laboratory for 3 months.
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4 DISCUSSION AND CONCLUSIONS

4.1 TIN WHISKERING

Conditioning samples using damp heat or thermal cycling resulted in a high percentage of
components exhibiting a variety of whisker types and densities. Using damp heat
conditioning of components with Sn platings on Cu, over 60% of samples exhibited
whiskering. The whiskers generated were usually straight, thin, and of high aspect ratio.
Whiskers up to 100um were generated with whisker thicknesses generally in the region of
<lum in diameter. For samples with Sn platings on Ni barrier layers, thermal cycling was
successful. The whiskers generated were usually shorter and thicker in style. Whiskers up to
30um were generated with whisker thicknesses generally in the region of S5um in diameter.

4.2  NANO-INDENTING

The coatings tested were supplied on a variety of substrates with a range of surface shape and
roughness, making trends difficult to observe. Inspection of the raw force-increasing curves
from the Nanotest shows that there is a large spread in indentation response, most likely due
to the variable surface conditions encountered by the indenter. It is clear that none of the
specimens were microscopically flat and some were not macroscopically flat.

In other cases, where the measurement spread was low, the differences between specimens of
the same type and age was larger than the differences between the types or between the ages.
In particular, the response of samples of age 2 was very unexpected. Many different samples
showed a very large increase in the sample-to-sample variation at this age and/or both
samples behaved differently to either age 1 or age 3. The reason for this is not clear but
clearly affects more than one manufacturer and component type.

The sample-to-sample differences observed cannot be explained away as drift in the
instrument because large measurement differences are seen within minutes of each other. The
effect of the severe surface roughness is to increase dispersion of the results and is very
unlikely to have caused the systematic shifts observed. Coating porosity is a possible cause
and could not be tested, although optical inspection of the indentations themselves did not
reveal great differences. Variations in local coating thickness would cause shifts in hardness
and were investigated by direct thickness measurement of the indented samples. Thickness
was shown to vary significantly but, although a contributing factor, it was not the main
source of the indentation response variations.

Evidence for ageing effects other than the growth of an intermetallic layer was provided by
the difference in response of the RH coatings. Here there was a dramatic increase in the creep
behaviour of the RH Type B coating with age. This indicates that the dominant effect in this
system 1is the rapid annealing of coating B by the ageing process. Large changes in the
average properties of the coatings, such as this, make it very difficult to use age to age
comparisons to detect effects due to intermetallic layers. If the layer thicknesses were better
known, a study of the elastic modulus results (also available from the nanoindentation data)
would be instructive to see if aging had changed the composition of the materials
significantly.
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