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Abstract
Purpose – To investigate how jamming of particles in a solder paste varies as a function of the gap through which the particles flow, and to correlate
this with skipping defects during the printing process.
Design/methodology/approach – Solder pastes with particle sizes of types 2, 3, 4 and 5 were sheared between the parallel plates of a rheometer.
Jamming events that cause the solder particles to be forced against each other were detected by monitoring the electrical current flowing between the
plates under a bias of 1.0 V or less. Solder paste printing trials were conducted with the same pastes, and solder paste skipping monitored.
Findings – Jamming was detected when the ratio of plate gap to largest particle diameter is reduced to a value between 3.8 and 5.0. Decreasing the
gap further results in increased jamming. A strong correlation between levels of skipping and jamming was found.
Research limitations/implications – More extensive printing trials are required before rheometric jamming detection can be used to predict printing
performance.
Practical implications – The common rule of thumb used in solder paste printing that the aperture width should be no smaller than 4-5 particle
diameters is justified.
Originality/value – This paper presents a new technique for detecting jamming events which are too brief to be detected using normal rheometric
techniques, but which have long been thought to be responsible for stochastic skipping defects during printing. Evidence supporting the link between
jamming and this type of defect is presented.
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Introduction

Solder pastes for electronics assembly consist of metal alloy

particles (typically Sn-Pb or Sn-Ag-Cu alloys) suspended in a

non-Newtonian fluid at a volume fraction close to 50 per cent.

Thepaste is usually deposited onto a printed circuit board (PCB)

or other substrate through a stencil which contains narrow

apertures. Electronics miniaturization, and new processes such

as “flip chip bumping” have pushed the requirements for fine

pitch solder paste printing, and printability of pastes through

0.03mm wide apertures has been reported (Manessis et al.,

2004). Smaller particles facilitate printing through these small

apertures, but exacerbate defects in the subsequent reflow

process such as solder balling due to the increased surface area of

the solder particles. Pastes are therefore carefully chosen to

contain the largest particles that can be printed through the

stencil apertures without exhibiting skipping. Here, skipping is

defined as incomplete release of the paste from the aperture, as

shown in Figure 1.
Solder paste printing requires careful set-up of the printing

parameters to minimize printing defects. These defects include

skipping, andbridging (when adjacent paste deposits slumpand

merge together). Skipping results in weak joints or even open-

circuits after reflowand is costly to detect and rework.However,

even when the basic printer settings have been optimised, the

stochastic nature of the printing process results in the occasional

skipped pad, often attributed to a localized jamming event in a

particular aperture; evidence supporting this hypothesis is

presented in this paper.
A number of studies (Bao et al., 1998; Nguty et al., 2001),

have attempted to predict printing performance in terms of

the paste rheology and visco-elastic performance. This

involves finding constitutive equations for the paste,

followed by modelling of paste behaviour in printing

geometries. The technique we describe in this paper

bypasses these steps by directly measuring the propensity of

the paste to jam in narrow apertures. This technique consists

of shearing the paste between the parallel plates of a
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rheometer across which a small voltage difference is applied.

Jamming events cause large mechanical forces between the

particles which results in the insulating oxide on the particles

to be broken through. These events are then detected by

measuring the current flowing between the plates. Because

the technique can detect a single jamming event, even when

the paste as a whole is flowing smoothly, it is ideally suited for

predicting the low probability jamming events which hinder

efforts to reach six sigma quality. It should be emphasized that

these low probability events are distinct from skipping caused

by excessive adhesion to the aperture walls due to poor stencil

design (Mannan et al., 1993; Rodriguez and Baldwin, 1999).

For the latter defect, skipping would occur irrespective of

particle size and the general rule of thumb to ensure that this

type of skipping does not occur is that the ratio of aperture

width to stencil thickness is 1.3-1.5 or greater.
Recent studies have shown that inter-particle contacts play

a significant role as the volume fraction of particles increases

(Wilson and Davis, 2002; Kolli et al., 2002; Lootens et al.,

2003). However, the effects of inter-particle contacts become

even more pronounced when the boundary walls are

separated by a small gap due to the excluded volume effect

at the walls. This effect is caused by the fact that the centres of

spheres cannot be located at a distance less than one sphere

radius from the walls, causing the local volume fraction to

decrease near the boundaries, and increase further from them.

This effect, together with the fact that, as the gap narrows, it

takes fewer particles to bridge the gap, would suggest that

jamming should be a steep function of the gap separating the

plates, as has been observed in our experiments. In particular,

we observe a step change in jamming when the gap is 4-5

times larger than the largest particles in the paste, in

agreement with an analysis of particle packing in apertures

which also sees a transition at around 4-5 particle diameters

(He et al., 2003). It should be noted that during solder paste

printing, a standard rule of thumb for defect free printing is to

keep the aperture width greater than 4-5 particle diameters

(www.christopherinternational.com/soldering%20materials%

20overview%202.pdf).
The metal particles in a solder paste are in contact with each

other, as their volume fraction exceeds the percolation threshold.

Although AC current can flow through the paste, DC current is

normally blocked as each particle is surrounded by an insulating

oxide layer with a thickness of ,2nm (Kuhmann et al., 1998).

However, if the particles are jammed together, then mechanical

abrasion of the insulating layer results in true metal-to-metal

contact occurring between particles and current may then flow

through the paste. Therefore, by monitoring the current that

flows through the paste, the frequency, extent and duration of

jamming events canbe recorded, as described in the next section.

The current experimental set-up improves on a previous attempt

(Mannan et al., 1999) by using higher sampling rates for

monitoring the current flowing through the paste and also by

using improved rheometer plates. The previous study also

considered only a single paste size distribution, whereas we have

now examined four distributions.
We have also conducted printing trials using the same

pastes, and apertures with the same widths as the gaps in the

jamming experiments in order to see whether the jamming

events we observe are correlated with skipping defects.

Although there is strong correlation between the two, more

extensive printing trials are required to fully understand the

connection between stochastic skipping defects and jamming

observed during paste shearing.

Experimental technique for monitoring jamming

The solder pastes were sheared in a TA instruments ARES

rheometer using 8.0mm diameter parallel rheometric plates.

The small plate diameter was essential to prevent particle

crushing during gap setting (the lowering of the top plate onto

the bottom plate to reach a pre-determined gap height),

which tended to immediately remove the oxide layers on the

particles. The plates were also electroplated with Rhodium to

provide good electrical contact and a hard wearing surface.
A function generator with internal resistance (Rint) of 50V

was used to provide a sinusoidal voltage across the plates with a

frequency of either 1.0Hz or 5.0 kHz. The high frequency

measurements were used to provide further information on the

oxide layers present, but were not high enough to allow a

significant capacitance-based current to flow between the

plates. An amplitude of 2V peak to peak was used, as this

allowed high resolution recording and did not appear to cause

dielectric breakdown in the paste, as results with amplitudes as

small as 0.1V were similar to those taken at higher voltages.
The voltage recording system was PC-based, using a

simultaneous sample-and-hold 14 bit data acquisition card

and a PCI interface. Sampling rates up to 1MHz per channel

were used, resulting in large amounts of data (typically,

recording two channels at 1MHz each for 10min produces a

2.4GB binary file). Since conduction events lasting for less

than 0.2ms have not been observed, the sampling rates used

are deemed to be satisfactory. Figure 2 shows the basic

experimental set-up.

Figure 1 Skipping defect during stencil printing
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Differential voltages across the rheometer plates (Vplate) and

across the 10V resistor R (VR) were recorded. The paste

resistance, Rpaste, is given by

Rpaste ¼ V plateR=VR ð1Þ

Noise levels were kept to a minimum using shielded cabling

where possible. Occasional high voltage noise spikes were

detected but typically the noise level was very low compared

to the input voltage (Vinput). Noise spikes detected in control

experiments, which were run without paste in the gap

between plates, showed characteristics which easily allowed

them to be distinguished from genuine conduction events.

Figure 3 shows a typical conduction event obtained using this

set-up and using an input voltage amplitude and frequency of

2V peak to peak, at 1Hz, and using a sampling rate of

1MHz. Three distinct conduction events are visible.
Experiments were typically run for 600 s on a given paste

sample, as it was noticed that the viscosity of the paste tended

to decrease with time, and hence that either the rheological

properties of the paste were changing, e.g. due to settling, or

that paste was being lost from the gap. Figure 4 shows the

recorded viscosity as a function of time for three repeated

experiments for the same paste, some of which exhibited

conduction, and some of which did not. No correlation

between instantaneous viscosity and conduction events were

found, indicating that the jamming events do not affect the

flow of paste as a whole, but are localised.
From Figure 4 it is tempting to conclude that the sharper

drop off in viscosity of the non-conducting repeat is

connected to the fact that it did not conduct, but counter

examples to this correlation were also seen, as shown in

Figure 5. This feature of nominally identical repeats

producing different results was seen throughout the

experiments, so several repeats of the experiments (usually

three) were used to try to discern the trends. The scatter in

the results is not unexpected since jamming is a stochastic

process.

Results for jamming in solder pastes

The solder pastes that were tested differed only in particle size

distribution, and all contained the same weight fraction of

particles (89.5 ^ 1wt per cent). The solder alloy was

63Sn37Pb. The flux used was a no-clean formulation, and

the particle size distributions are listed in Table I, together

with the ratios of gap to particle diameter at which jamming

was first detected. The nominal size distribution limits are

those given by the manufacturer to contain at least 80 per

cent of the particles in the paste. The measured limits (100

per cent of particles in the paste) and average diameters were

found after separating the particles from the flux and

examination under a scanning electron microscope.
The parameter that was chosen to represent the severity of

jamming in a given experiment was the time lapse from the

moment the paste is first sheared until the first conduction

Figure 2 Diagram of experimental set-up to detect conduction events
related to jamming

Figure 3 Typical plot of VR during conduction

Figure 4 Viscosity plots for repeated experiments on type four paste,
gap ¼ 0:15 mm; shear rate ¼ 10 s21

Figure 5 Viscosity/time plots for repeated experiments on type 2 paste,
gap ¼ 0:3 mm; shear rate ¼ 5 s21 showing no conduction for highest
level viscosity curve
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event occurs. This parameter agrees well with other
parameters such as the maximum current levels observed
during the experiment, and frequency of events, while being
simpler to compute. The conduction events were distributed
randomly throughout the experiments. Figures 6-9 show the
time to conduction for each of the pastes tested, as a function
of the gap between the plates. The shear rate for each of these
graphs is 10 s21, and the experiment ends after 600 s, so data
points plotted at 600 s indicate that no conduction event was
recorded for that particular repeat. The results for each of the
three repeats are plotted using separate symbols (diamond,
square and triangle).
These graphs show a degree of scatter, but also show clearly

discernable trends; as the gap between the plates increases,
jamming decreases. Also, as the particle size decreases for a
given gap, jamming decreases. Before attempting to correlate
the results with skipping defect rates during printing, we have
to consider the effect of shear rate on the results. Figures 10-
12 show the effect of varying shear rates for each type of paste
at a fixed gap of 0.16mm. For the type 5 paste, no conduction
events were observed at any shear rate up to 30 s21. The total
shear in Figures 10-12 is maintained constant at 6,000, so
that the duration of each repeat is inversely proportional to
shear rate (6,000 s at a shear rate of 1 s21, etc.).
Although it is clear that increasing shear rate causes more

jamming, we note that the results do not appear to be highly
sensitive to shear rate. The stencil-substrate separation speed
that was used for the printing trials was 0.2mm/s. For a
0.16mm wide aperture, if we assume that the solder at the
stencil wall has a downward velocity of zero, while the paste
at the centre of the aperture moves at the velocity of the
substrate (standard boundary conditions for Newtonian
fluids), then we expect shear rates in the paste of the order
of 0:2=ð0:16=2Þ ¼ 2:5 s21: The shear rate in Figures 3-8 was

10 s21, and so we would expect to be able to draw

predictions about skipping in our printing trials from these

graphs.

Printing trial results

Two separate printing trials took place, separated by

approximately 3 months. In the first, a DEK 260 printer

was used, using a 150mm long, 94-97 Shore hardness

squeegee blade (squeegee angle ¼ 608Þ with a 150mm thick

laser cut stencil. The squeegee speed and down-force on the

squeegee were set at 20mm/s and 5.2 kg, respectively, for all

pastes. The pastes were printed onto 1.0mm thick Cu plated

PCBs. Paste volumes were recorded using a ASC

international VisionMasterw laser scanning system, for a

series of apertures with widths of 75, 125 and 200mm.

However, because the aspect ratio of the 75 and 125mm wide

apertures was smaller than 1.3, skipping was widespread.

Skipping was found to depend on the location of the pad on

the stencil, and on the orientation of the pad, suggesting that

skipping was being caused by factors other than jamming of

the paste (e.g. uneven squeegee blade, or warped PCB).

Figures 13 and 14 show the results of these trials for 0.2mm

wide apertures. Perpendicular apertures are defined as those

oriented perpendicular to the squeegee direction of motion

(i.e. parallel to the squeegee blade), while parallel apertures

are aligned along the squeegee direction of motion.
A second set of printing trials was then performed using the

same pastes on a DEK 265 printer, and using a different

stencil. The squeegee type was the same, but the stencil was

75mm thick and laser cut. The squeegee speed and down-

force on the squeegee were set at 25mm/s and 3 kg,

respectively, for all pastes. The pastes were printed onto

3mm thick Cu plates. Skipping was observed by manual

observation of printed pads through an optical microscope

and was classed as either marginal, or bad, depending on the

volume of the printed deposit. The stencil apertures had

widths of 160, 155, 150, 145 and 140mm. However, it was

subsequently observed that the 150mm apertures contained

cured adhesive from previous experiments, and were therefore

discarded in the analysis. Figures 15-18 show the skipping

rates for paste types 2-5 and aperture widths 140-160mm.

A total of 120 apertures were examined for each combination

of paste type and aperture width.
Comparing the skipping defect rates for the different

aperture widths it is evident that wider apertures did not

always result in lower skipping levels. This could be an

indication that again, location of the apertures on the stencil

played a significant role in determining defect levels, and

Table I Solder particle size distributions and the ratios of gap to
particle diameter at which jamming was first detected

Paste
type

Nominal size
distribution

(mm);

Standard
deviation
of particle
size/average
particle size

(%)

Gap/average
particle size
below which
jamming
occurs

Gap/max
particle
size

below
which

jamming
occursLimits Averages

2 45-75 6-63 47 18 5.1 3.8
3 25-45 9-47 33 17 5.5 3.8
4 20-38 8-47 25 33 8.0 4.1
5 15-30 3-28 21 21 6.6 5.0

Figure 6 Time to first conduction event versus gap for type 2 paste
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hence that the skipping observed was not purely a function of

jamming within the aperture, but depended on factors such as

squeegee flatness, aperture definition, etc. The general trends

for skipping rate versus particle size are, however, clear, and

show that decreasing the particle size at a fixed aperture width

results in less skipping, as expected. The fact that the parallel

apertures produce much higher skipping rates than the

perpendicular ones is probably due to the lower paste

pressures generated in parallel apertures (Mannan et al.,

1993, 1994). This cause of skipping is usually eliminated by

increasing the downward force exerted on the squeegee and

increasing squeegee speed.

Comparison of jamming and printing results

The experiments to observe jamming of solder pastes took

place when the paste was sheared in a parallel plate

rheometer. The shear rate in such geometries is expected to

be approximately constant across the gap (but depends

linearly on the distance from the centre of the plate). The

Figure 7 Time to first conduction event versus gap for type 3 paste

Figure 8 Time to first conduction event versus gap for type 4 paste

Figure 9 Time to first conduction event versus gap for type 5 paste
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Figure 10 Accumulated shear until first conduction event versus shear rate for type 2 paste

Figure 11 Accumulated shear until first conduction event versus shear rate for type 3 paste

Figure 12 Accumulated shear until first conduction event versus shear rate for type 4 paste
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shear rate profile across the aperture during separation of the

stencil and substrate is, however, unknown, and based on

assumptions of symmetry must be zero at the centre of the

aperture, so an exact analogy between the two processes is

difficult to justify. However, the fact that in both processes,

relative movement between particles may result in jamming,

indicates that there should be some correlation between the

results. Indeed, a cursory examination of Figures 6-9

(jamming) and Figures 13-18 (skipping) certainly shows

that decreasing particle size results in the same trends in both

jamming and skipping. Moreover, the skipping “rule of

thumb” that apertures should be 4-5 times larger than the

maximum particle size correlates extremely well with the

values seen in Table I. However, the real test of the usefulness

of the jamming detection technique, is whether we could

predict the characteristics of Figures 13-18 from Figures 6-9.

It will, however, never be possible to predict skipping only

from jamming results, as other factors, such as stencil wall

roughness and the angle of the aperture walls (taper) will also

be important. Another complicating factor is that if we had

chosen a different shear rate for Figures 6-9, or run the

experiments for longer than 600 s, the results would have been

expected to shift slightly.
Figure 6 shows that the type 2 paste should experience

severe jamming in apertures less than 0.2mm wide, and

indeed, skipping defects are close to 100 per cent for this

paste in Figures 15-18. At 0.2mm, there are also significant

numbers of skipped pads, as shown in Figures 13-14, and this

correlates with the mixed results seen in Figure 6 at this gap

setting. For the type 3 paste, from Figure 7, we would expect

defect free printing down to 0.18mm, but not down to

0.16mm, and indeed defect levels at 0.2mm for type 3 pastes

are seen to be similar to those of types 4 and 5 (Figures 13-

14), indicating that jamming is no longer a cause of skipping.

Skipping is, however, significantly higher for the type 3 paste

for apertures 0.16mm or smaller, as seen in Figures 15-18.
Comparing Figure 7 and 8 at 0.2mm, we would expect to

see little difference in the printing performance of paste type 3

and 4 at 0.2mm width, and both should print well. However,

for gaps in the range 0.16-0.14mm, we see that the type 4

paste exhibits significantly less jamming than the type 3 paste,

and Figures 15-18 confirm that skipping rates are also

significantly smaller. Note, however, that Figure 8 shows that

there is some jamming for the type 4 paste in the 0.14-

0.16mm range, and hence that we would expect to see non-

zero skipping rates if sufficient numbers of apertures are

checked. Finally, Figure 9 shows that type 5 paste should

exhibit no defects down to 0.14mm aperture width, and

Figures 15-18 do show low (but non-zero) rates of skipping

for this paste down to 0.14mm. However, we would not

expect to see such low levels if we decreased the aperture

width down to 0.12mm, as jamming is detected at that gap.

Conclusions

A new experimental technique used to detect jamming in a

dense suspension by electrical methods has been presented.

The results show a large degree of scatter, as was expected for

a stochastic process. However, the results were not completely

Figure 13 Percentage of skipped perpendicular apertures (out of 18)
versus paste type. First set of printing trials

Figure 14 Percentage of skipped parallel apertures (out of 12) versus
paste type. First set of printing trials

Figure 15 Percentage of badly skipped apertures versus paste type. Second set of printing trials
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random, and conclusions could be drawn from the results.

For example, the rule of thumb stating that the minimum

aperture width should be more than 4-5 times the largest

particle diameter has been correlated to the occurrence of

jamming for all paste types investigated.
We have shown that there is a very strong correlation

between skipping defect levels and jamming detected during

solder paste shearing at gaps corresponding to the aperture

width. In particular, where jamming is observed, we see

significantly higher levels of skipping. However, we have not

been able to prove that an absence of jamming should result

in zero levels of skipping, because skipping in our printing

trials is caused by additional factors beyond jamming of

particles inside the apertures. We speculate that if these other

Figure 16 Percentage of skipped apertures (bad þ marginal) versus paste type. Second set of printing trials

Figure 17 Percentage of badly skipped apertures versus paste type. Second set of printing trials

Figure 18 Percentage of skipped apertures (bad þ marginal) versus paste type. Second set of trials
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sources of skipping defects were to be removed, the

correlation between jamming and skipping would be much

stronger. In this case, the jamming tests could quickly reveal

the ultimate defect-free printing capabilities of a given paste,

without the need for extensive printing trials.
We also note that the relative insensitivity of jamming to

shear rate may be the reason that the stencil – substrate

separation speed is not a major factor in controlling skipping
defects (Ekere et al., 1993). Note, however, recent results

indicating that it could be more significant for lead free pastes

(Ashmore, 2004), possibly related to differences in particle

surface roughness.
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