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Flash Fusing in Electrophotographic Machines

A theoretical model of the flash fusing process for electrophotographic machines was developed using the joint solution of a nonlinear
circuit equation and the one-dimensional thermal diffusion equation. Numerous experiments were run using different toners
according to the size of toner particles and the pulse width in order to determine the minimum energy that was required for fusing.
The experiments confirm that this model predicts reasonably well what was observed in the lab. The melt depth required for good
Susing is slightly less than mean particle size. At that depth the temperature is somewhat greater than the temperature required in
the nip of a hot roll fuser for the same toner. Under typical flash fusing, the top surface of the toner is subjected to considerably
higher temperatures than the melt temperature of the toner. From the combined analytical and experimental results, the proper
compromises can be made for efficiency and volatiles.

Introduction

Flash fusing technology for electrophotographic machines has
been under development for more than 25 years. IBM’s first
patent in this art was obtained in 1957 [1]. Today Agfa-
Gevaert and Fujitsu manufacture flash fusing machines with
throughputs from 15 to 215 pages per minute.

The purpose of the present study was to develop and
confirm a theoretical model of the flash fusing process. Using
this model, a design engineer can study trade-offs and com-
promises needed to optimize real systems. The process in-
cludes storing energy in a capacitor and then discharging it
through a flash tube. The radiated energy is absorbed in the
toner pigment and converted into heat. The heat diffuses
through the toner, causing it to melt and flow onto the paper.
The toner then cools and hardens, “fixing” itself to the docu-
ment.

This paper contains five main sections. The first presents
the electro-optical analysis of the flash tube in the pulse-
forming network. The second couples the network to the
surface temperature of the toner. The third couples the toner/
paper interface temperature to the pulse-forming network. In
the fourth, these results are used to analyze systems and
understand design trade-offs. Finally, the fifth section presents
the experimental confirmation of the model.

Analysis of the flash tube and drive circuit

Figure 1 shows the circuit typically used to drive a flash tube.
The capacitor C, stores the energy, which is converted to
optical radiant output in the arc. R is the dc resistance of the
entire circuit except for the tube. The circuit resistance is
primarily the resistance of the inductor and capacitor. The
inductor L is added to the circuit to tailor the pulse and
eliminate the initial surge current.

Current reversals destroy flash tubes very early in life. For
this reason the inductance is not allowed to be so large as to
cause “ringing.” Hence, the current is always assumed positive.
The voltage across the tube is related to the current by [2]

V=K', (1)
where
tube arc length
Ko = 1.275 < tube bore > o
X <%%r—m)> volt-amp™'%.  (2)

The circuit equation then becomes [3]

Ldi

t
E+Ri+é—£ idi + Kyi'? = V,, 3)
[
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where V), is the capacitor voltage before ignition.

The appropriate nondimensionalizing of time is achieved
by

V.
T=1—5%. @
KOCO
The appropriate nondimensionalizing of current is found in
2
K
I=i=2). 5
(%) ®
The inductance is nondimensionalized by
2
o)
d=={9) . (6)
G\K;

and the circuit resistance is nondimensionalized by

V.
v =RV (M
KO
The circuit is written in fully dimensionless form as
di !
q>—+\p1+f ar+ 1= 1. ®8)
dr o

The solutions to the circuit equations can be tabulated for
all cases as a two-parameter family of solutions involving the
dimensionless inductance & and the dimensionless circuit
resistance V. Figure 2 shows the current profiles for various
values of &, with ¥ = Q. Figure 3 shows the instantaneous
power.

The total energy dissipated in the flash tube prior to time ¢

1S
1
f K,i"di.
0

If this is normalized with respect to the initial capacitor energy,
the dimensionless energy then becomes

T
2 f T
[}

Figure 4 shows these plots. Figure 5 shows how the power
pulse width varies with inductance when the circuit has no
resistance.

Figures 2 through 5 include values of dimensionless in-
ductance & from 0 to 2.5. The onset of ringing occurs for 2 <
® < 2.5. At ® = 2.5, the ringing is negligible, and may actually
not occur if the reverse bias on the capacitor is insufficient to
restrike the arc. Values of ® greater than 2.5 should be avoided
to prevent flash tube damage; hence, they were not studied.

Figures 6, 7, and 8 show the current, power, and energy
profiles with resistance in the drive circuit. They compare
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Figure 1 Flash tube drive circuit.

3
I

Figure 3 Power dissipated in flash tube vs time, with no circuit
resistance.
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08 o directly to Figs. 2, 3, and 4. The effects of circuit resistance
- 0.0 0.0 are readily seen. The solutions shown thus far are all numerical
0.6k 8'2 8'(5) approximations; exact solutions exist only for & = 0.
1.0 00
?g ?‘(5) Circuit losses were tabulated numerically and found to be
~  04r independent of inductance to within the numerical accuracies
2 - of the solution. This is unusual for a nonlinear circuit. The
i 02 range of values tested was 0 < < 25and0<¥ <l.Ina
2 typical circuit, ¥ may be less than 0.1 and should rarely
I3 . - . .
£ exceed 0.5. To estimate the circuit efficiency, the closed-form
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Time, T T
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294 Figure 6 Current in flash tube vs time. 0
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Figure 9 Circuit efficiency vs circuit resistance.

The wasted energy, Eyg, is computed from

E = f Ridi. (10)
(1]
Rewritten in dimensionless form, (10) becomes
Eg =2\I/f rdr. (11)
G 0
2

Obtaining the solution to (9) and integrating (11) results in

3
B WA =D 53w + 173, (12)
Cng 16V
2

Equation 12 shows the fraction of energy wasted in the drive
circuit. Subtracting this value from 1.0 gives the circuit effi-
ciency shown in Figure 9.

In most flash fuser drive circuits the resistance can be kept
small enough to ignore. When the resistance is small, a good
approximation to the circuit solutions is

PP = ﬂzTe—ﬂZﬁ, (13)
where
8 = 0.62397°, (14)

The agreement is excellent for 0.25 < & < 2.5. An apparent
small time shift arises, which has no effect on the subsequent
heat transfer study. Figures 10 and 11 show the power and
energy profiles from this approximation. The approximation
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Figure 11 Approximate energy dissipated in flash tube vs time.

greatly simplifies the circuit design and eliminates the need
for more numerical solutions to Eq. (8).

Analysis of the surface temperatures

The toner surface being heated is modeled by the one-dimen-
sional diffusion equation in a semi-infinite half space initially
at thermal equilibrium. The half-space has volumetric heat
capacity ¢ with units Jm ™ (°C)”" and thermal conductivity k
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Figure 12 Surface temperature vs time.
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Figure 13 Surface and subsurface temperature profiles for induct-
ance-limited xenon flash,

1

with units Jm™'-s~' (°C)™". The half-space is governed {4] by

the equation
2
(S}

cﬁ = k(9

ar = ax 1

where O is the relative temperature in the toner in °C and x
is the depth into the toner in m.

The temperature of the top surface is then [4, 5]

__ [ aw
9(0,[)—\/7r_ckl \/;—;—Tdr, (16)

where ¢ is the power input per unit area in Jm s ™",

Using the Faltung Theorem [6], the singularity in the inte-
grand is moved from the end of the interval to the beginning:

00, 1 U P (17)

"~ Jrck
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Then time is nondimensionalized by
T=—, (18)

and the singularity is removed from the integrand by the
transformation

= Vr/t,. (19)
Using (18) and (19) in (17) gives
N
00, 7)== | oT- . 20)

The input power ¢ is found from the circuit equation and Eq.
(1)
q = £K,i*"?, ¥3))

where £ has the units m ™.

The parameter ¢ is simply the efficiency of the flash tube
circuit and reflector divided by the area covered by the reflec-
tor. Coupling Egs. (5), (20), and (21) gives

2V1EVS
e - (4] 0
0, 7) v 7erK(2)

vT
f (T = &) ds. (22)
o

Applying the approximation for power in Eq. (13) to Eq.
(22) gives

V1tV -

0w, 1) - ﬂz f (T- a3
The temperature is nondimensionalized as follows:
- vrckK,
(0, T) = 6(0, ——— (- 24

0, T) =©O(0, T) {ZJCOEV:Z\/B (24)
Two new dummy variables are defined:

= 8T, (25)
¢ =By (26)
These new variables are combined in (24), resulting in

vr
00, 7) = f (7= P ™ dg @7
(1]

Equation (27) gives the dimensionless surface temperature as
a function of circuit, tube, reflector, and toner design. It has
no singularities and it was tabulated numerically. Figure 12
shows a plot of surface temperature vs time.

Analysis of the paper-toner interface temperatures
The temperatures beneath the surface of the toner are obtained
from the solution of the diffusion equation in a semi-infinite
half-space. If a half-space is initially at thermal equilibrium
and a step change in temperature AO occurs at the surface at
time zero, the resulting temperature in the body [4] is

IBM J. RES. DEVELOP. & VOL. 28 & NO. 3 4 MAY 1984




O(x, 1) = 4O erfc{ \/%{ %} (28)

where erfc is the complementary error function.

For an arbitrary surface temperature [4],

EE f\/z x
O(x, t)—JO~ . erfcl Y m}dr. 29)

By using integration by parts and applying the Faltung Theo-
rem, Eq. (29) can be transformed to

O(x, 1) = %W‘L 00,1 —17)

_e? . x
X 4o dr \/;kT’Z dr. (30)
T

A new, dimensionless depth into the toner surface is defined
¢ x

X = \/j_ S 31
4k 1, 31

[, = —oe, (32)

Equation (32) is consistent with all prior development. Com-
bining (4), (18), (19), (30), and (31) gives the result

2x
O(x, T) = 7

. N
=) e<0, T - ?>e e e (33)
vT

Noting that Eq. (33) is linear in temperature, and recognizing
that the relevant depth parameter consistent with the normal-
ized circuit solution is 82X, Eq. (33) can be put in the
alternate form

6(8"x, BT)

3 Z.Bl/zxfm, R 1 _(Buzx)zrz
==7=) 0087 -l ds.  (34)

®n

The function 6(0, 37) was computed in the previous section.
Figure 13 shows the integral computed in (34).

Evaluating systems and their trade-offs

A flash fuser has three primary functional objectives. First,
the fuser must fuse toner to paper. Second, it should use as
little energy as possible to do this. Third, the surface overtem-
perature must be kept down to a reasonable level to limit
generation of volatiles.

The overtemperature shown in Figure 13 can be plotted as
a function of heating depth, as in Figure 14. Or it can be
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Figure 15 Surface overtemperature vs xenon flash pulse duration.

plotted as a function of flash pulse duration, as in Figure 15.
How short flashes can greatly overheat the toner surface is
readily apparent.

The energy or thermal efficiency can also be defined as

xc[O(x, 1]

AR
2

where x is the thickness of the toner layer.

Figure 16 shows the efficiency

xc[O(x, D] 8 1247 2172
TAE Ve = 2 (820)0(8X, BT
£C0V§ 7 (B X)OB 8T)

2

(35)

max *

Plotting inverse efficiency, Figure 17 shows the relationship
between required energy and flash duration.
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Notice that the long pulse durations that produce minimal
overtemperatures also require larger energies. Short flash du-
rations require minimum energy but produce maximum
overtemperatures. Hence, a compromise must be sought.

In a system design, the engineer must determine the depth
of toner to be fused, the temperature required to achieve melt
and flow, and the overtemperature that can be tolerated. From
Figure 15, the pulse width can be determined for a particular
overtemperature

1 _ 2.865kat
=T 2 ¢

BX 2 X’
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Figure 18 Comparison of energy required to fuse vs pulse dura-
tion—theory vs experiment.

where At is the 1/3 power pulse width for the flash tube and
X is the fuse depth. Note that 37 = 1.396 when T is the 1/3
power pulse width. The energy output from the flash can then
be computed from Fig. 17, using the same value for 1/8X 2

Experimental results

The fundamental relationships between the flash tube and
pulse-forming network have been well understood and con-
firmed daily in literally millions of optical systems over the
past twenty years. No additional experiments are presented in
this paper.

A number of experiments were run with a variety of toners,
jet milled to a variety of particle sizes. Volatiles were found to
increase as a strong function of toner surface temperature.
The absolute levels and constituents of the volatiles depend
on the chemistry of the toner (i.e., epoxy, vinyl, etc.) and the
volatile-suppressing additives. In a general way, these data
confirmed the surface temperature model.

More important, the minimum energy required to fuse was
related to toner particle size and pulse width. Figure 18 shows
a typical set of data. The toner was IBM 825, jet milled to a
mean particle size of 13.5 X 10™° m. This toner fuses in an
IBM Series 111 copier with a hot roll fuser. In the hot roll nip,
the toner is expected to reach approximately 110°C. At this
temperature, it softens considerably but still requires high
pressures to fuse. The solid line in Figure 18 is a theoretical
plot of energy vs pulse width for a toner with heat capacity
and thermal conductivity matched to 825 toner. The fuse
depth was 9.4 % 10"® m and the melt temperature was 180°C.
The experimental results were about as expected: the toned
image includes a large fraction of “fines” less than 13.5 X 107°
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m, which fill in between and below the larger particles. Hence,
the typical fuse depth is expected to be slightly less than the
mean particle size. The absence of pressure in the flash fuser
requires temperatures above the 110°C nip in the hot roll;
180°C is in the expected range of temperature.

Numerous experiments were run on different toners. The
results confirm that the model predicts reasonably well what
is observed in the lab.

Conclusions

The flash fusing process can be modeled by the joint solution
of a nonlinear circuit equation and the one-dimensional ther-
mal diffusion equation. Experimental results observed in the
laboratory confirm this joint solution. By combining the an-
alytical model with laboratory experiments, the proper com-
promises can be made to maximize efficiency while minimiz-
ing generation of volatiles.

From the combined analytical and experimental results, the
melt depth required for good fusing is slightly less than the
mean particle size. The temperature at that depth is somewhat
greater than the temperature required in the nip of a hot roll
fuser for the same toner. Under typical flash fusing, the top
surface of the toner is subjected to considerably higher tem-
peratures than the melt temperature of toner.
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