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In this study, the isothermal reaction calorimetry of an Al/Ni multilayer material fabricated
by an accumulative roll bonding method was performed using an isothermal calorimeter. An
additive method was also devised to measure low-reactivity materials. Calorimetry results for
several different numbers of cold-rolling passes indicated that the average calorific value of the
reaction improved with an increase in the number of rolling passes, and the variance decreased.
The calorific value of the deposited multilayer film, which had a uniform microstructure, was
also measured. A comparison of the calorific values of the reaction between the powder and
films showed that, although the films had a uniform structure, the average and variance were
similar. These results experimentally confirmed that, although the multilayer film is extremely
reactive at AL:Ni = 1:1 atomic composition ratio, the powder and film materials are equivalent
with respect to the total heat generation of the high rolling pass condition.

1. Introduction

With the widespread use of various electronic devices in our daily lives, electronic control
technology has developed rapidly to address environmental issues and enhance user safety.
Because electronic control devices are installed to improve product safety and convenience,
packaging technology requires high reliability. However, the reflow process, which is mainly
used in the current packaging technology, involves long-term heating using an electronic furnace
or infrared rays. Prolonged heating during the reflow process causes the thermal fatigue of the
metal components and warping of the substrate, which may result in joint failure. Furthermore,
the reflow process has an environmental impact because it consumes a significant amount of
electricity. Therefore, developing a new joining technology that uses a local heating source with
low environmental impact is crucial. In such situations, the self-propagating exothermic reaction
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between Al and Ni has attracted attention. Such a reaction is induced by a spark, producing a
large amount of heat with only a small amount of material. Research has been conducted to
apply AI/Ni self-propagating exothermic reactions with these characteristics to develop a new
local heating technology.(1-10)

To realize a continuous and uniform self-propagating exothermic reaction of Al/Ni,
fabricating a multilayer Al/Ni structure is necessary. Materials used for self-propagating
exothermic reactions with an Al/Ni multilayer structure are called Al/Ni multilayer materials.
Al/Ni multilayer materials have been proposed in various forms, from powders fabricated by
cold rolling and pulverizing methods®~® to films deposited by DC magnetron sputtering.©®~16)

In this self-propagating exothermic reaction, when an Al-Ni intermetallic compound is
formed, the enthalpies of formation are released as reaction heat. Differential scanning
calorimetry, which uses a heater, is typically used for calorimetric measurements involving
phase changes, such as the AI-Ni self-propagating exothermic reaction.(!’?9) However, as
previously mentioned, a key characteristic of self-propagating exothermic reactions is that they
can be induced only by microsparks, having a smaller environmental impact than heater heating.
Therefore, when these materials are applied to joining technology, induction by sparking is
assumed instead of using a heater. Therefore, directly measuring the calorific value of
multilayered materials induced by sparking is considered necessary. This approach allows for
the accurate measurement of both the instantaneous phase change during the reaction and the
calorific value of the reaction associated with compound formation. Therefore, in a previous
study, we developed an isothermal calorimeter capable of directly measuring the calorific value
of multilayer materials induced by sparking.?") Results from experiments using that calorimeter
showed an increase in calorific value with the number of rolling passes. However, multilayer
powders with low-rolling passes have nonuniform multilayer structures, and some of the
powders used were considered not to react uniformly. Therefore, the calorific value of multilayer
powders with low-rolling passes may have been estimated to be lower than if all the powders had
reacted uniformly. Further investigation of the relationship between the calorific value and the
number of rolling passes requires ensuring that all the samples react uniformly and their
calorific values are accurately measured, even for samples with low-rolling passes and low
reactivity.

In this study, a method was devised in which a low-rolling-pass sample with low reactivity is
assisted by the addition of a high-rolling-pass material with high reactivity, ensuring that all
samples react uniformly and allowing for the accurate measurement of the calorific value. On
the basis of the results, the relationship between the calorific value and the changes in
microstructure with an increasing number of rolling passes is discussed. In addition, the effect
of the uniformity of the multilayer structure on the calorific value is examined by comparing the
heat of reaction of a film sample with a uniform multilayer structure to that of a powder sample
fabricated by rolling.
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2. Isothermal Calorimeter

We used a modified calorimeter based on an isothermal calorimeter developed in a previous
study. This calorimeter features an isothermal layer made of an acrylic container filled with
water, surrounded by an insulation layer made of commercially available thermal insulation
material [with thermal conductivity < 0.035 W/(m*K)], as shown in Fig. 1. A vacuum insulation
vessel with a double-layered insulating structure was fixed in the water tank. The calorimeters
were installed in a climate-controlled laboratory, and the entire system was maintained at
thermal equilibrium.

The vacuum insulation vessel inside the tank was filled with an inert liquid that was
constantly stirred using a magnetic stirrer. The sample cell was made by processing a 12-pm-
thick polyethylene film. During the reaction of Al/Ni multilayer powders, the polyethylene film
was slightly melted by the exothermic reaction heat. Consequently, the reacted powders diffused
into the inert liquid, which absorbed the reaction heat. The heat of melting of the polyethylene
film used was —51.1 J/g. This film melted approximately 0.01 to 0.02 g during the reaction,
converting to approximately 0.5 to 1.0 J of heat. Therefore, the measurement error due to the
heat of melting of this film was evaluated to be very small and negligible. To measure the
calorific value of the reaction, a thermistor (Tateyama Kagaku Kogyo, DS-103) was placed in the
inert liquid, and the temperature difference was measured. The calorific value of the reaction
was calculated using the temperature difference of the inert liquids.

3. Calorimetric Accuracy
3.1 Temperature stability of developed isothermal calorimeter
Figure 2 shows the temperature data of the inert liquid measured by the thermistor in the

vacuum insulation vessel and the room temperature data measured by a type-K thermocouple
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Fig. 1. (Color online) Schematic of isothermal calorimeter.
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Fig. 2. Temperature stability of developed isothermal calorimeter.

placed near the calorimeter. These data were collected in an air-conditioned laboratory from the
start of air conditioning. The air conditioning was set at 294.15 K. The difference between the
temperature of the inert liquid and the room temperature can be attributed to individual
differences in the type K thermocouple. The type K thermocouple has a temperature resolution
of 0.1 K, and the room temperature changed by approximately 1 K in 24 h. In contrast, the
thermistor has a temperature resolution of 0.001 K. The temperature of the inert liquid was
measured every 10000 s at eight points with a standard deviation of 0.015 K. If we assume that a
temperature change of £0.015 K occurs in 86400 s (24 h), the temperature change per second is
estimated to be £1.7 x 1077 K/s. In the measurement, it took approximately 1800 s (30 min) to be
in a thermal equilibrium state with completed exothermic reaction. From this supposition, the
temperature changes during measurement were estimated to be £0.000306 K. Therefore, these
changes were kept below the output resolution of the thermistor. Therefore, the heat flux between
room temperature and the inert liquid was considered negligible, and this experimental system
was considered to be in thermal equilibrium, well within the observable range.

3.2 Calculation method for calorific value of the reaction

In this experiment, AI/Ni multilayer powder was reacted with an inert liquid. The calorific
value of the reaction was calculated from the temperature difference obtained before and after
the reaction and the heat capacity of the inert liquid.

The moving average of the slope was calculated every 250 s from the start of the
measurement. The slope represents the rate of temperature change per second. When the slope is
less than 0.000015 K/s, which is 1/1000 of the temperature change of an inert liquid over 24 h,
the liquid is considered to be in a state of sufficient thermal equilibrium. Figure 3 shows the
temperature change in the inert liquid during the measurement. There was an instantaneous
temperature increase near point 2, as shown in Fig. 3. This increase occurred owing to the
proximity of the thermistor to the reaction sample, which was measured directly before the heat



Sensors and Materials, Vol. 36, No. 8 (2024) 3437

=

=] F . "

'..g il = Pomnt3 Point4
2 g o—X
8 012 F

Fg i

01 F

S F

= r

é 0.08 |

s r AT
5 006 [

= F

S 0.04 ﬁ

g :

E 0.02 £ :

g F Point 1 Point2

o 3 Gheta @ - - - - v
E [ oe - R, T T T T
ﬁ 0 200 400 600 800 1000 1200 1400

Time [s]

Fig. 3. Calculation of temperature difference obtained before and after reaction.

diffused into the inert liquid. In this measurement, the temperature difference in sufficient
thermal equilibrium was evaluated; therefore, this noise could be ignored. The point at which the
rate of temperature change exceeded 0.000015 K/s for the first time since the start of the
measurement was defined as point 1 (250 s before the start of the reaction), and a regression line
was plotted using the slope and intercept at that point. The point on this regression line 250 s
after point 1 was then defined as point 2 (the point at which the reaction started). Next, the point
that could be considered to be in sufficient thermal equilibrium for the first time after the
reaction was defined as point 3. Point 4 (the point at which the reaction ended) was defined from
point 3 as well as point 2. The temperature difference between points 2 and 4 was defined as the
temperature difference AT obtained before and after the reaction.

_CAT
m

q M

The temperature difference was multiplied by the heat capacity and divided by the mass of
the sample used in the reaction to evaluate the calorific value of the reaction per gram, ¢, as
shown in Eq. (1). In Eq. (1), C is the heat capacity of the inert liquid and m is the sample mass. In
this study, C was calculated by multiplying the mass of the inert liquid used in the experiment by
its specific heat.

3.3 Calorimeter measurement accuracy

The output resolution of the thermistor used in this experiment is £0.001 K. In addition, the
heat capacity of the inert liquid used in the experiment is 525 J/K for 500 g. Therefore, the error
in calorimetric measurement due to the output resolution of the thermistor is approximately
+0.525 J, which is sufficiently small compared with the later described calorific value of the
reaction, in the range of 1000-1600 J.
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As mentioned previously, this modified calorimeter is highly accurate regarding the expected
calorific value. Therefore, any variance in the calculated calorific values was considered to be
solely due to the sample used in this study.

4. Effectiveness of Standard Addition Methods in Reaction Experiments

In this section, we describe the calorimetric calculation method for low-rolling-pass powders
used in this study. In calorimetric measurements of powder materials using isothermal
calorimetry, a powder with a low number of rolling passes tends to exhibit low reactivity. The
AI/Ni multilayer powders feature a fine multilayer structure formed by the repeated rolling of
alternating Al and Ni foil layers. However, as shown in Fig. 4, the low-rolling-pass powders
exhibit a nonuniform multilayer structure and discontinuity in the AI/Ni reaction interface.
Therefore, the low-rolling-pass powders were generally less reactive, raising uncertainty
regarding the contribution of all the powders used in the reaction.

In this experiment, we assisted the reaction with a low-reactivity powder by adding 40-pass
rolling powder, which has high reactivity. This attempt was to evaluate the calorific value of the
low-rolling-pass powder by subtracting the calorific value of the 40-pass rolling powder after
calculating the calorific value.

Figure 5 shows the diffraction peaks of the powder before the reaction, where only the Al and
Ni peaks were observed. Figure 6 shows the diffraction peaks when the powder was completely
reacted.

When the AI/Ni multilayer powder was fully reacted, the Al and Ni peaks disappeared
regardless of the number of rolling passes, and only the peaks of Al and Ni intermetallic
compounds, such as NiAl and Ni,Al;, were observed.

Thus, even low-rolling-pass powders can fully react through repeated sparking. However, in
actual isothermal calorimetry measurements, a single spark melts the sample cell, and the
powder diffuses into the inert liquid. Therefore, producing repeated sparks to fully react with all
amounts of powder is not feasible. Figure 7 shows the diffraction peaks of the powders that

(a) (b)

Fig. 4.  Cross section of Al/Ni multilayer powder material before reaction. (a) 20-pass and (b) 40-pass.
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Fig. 7. Diffraction lines of low-rolling-pass powder reacted in a single spark.

reacted with a single spark. As shown in Fig. 7, the low-rolling-pass powders still exhibited
peaks corresponding to Ni and Al, indicating the presence of the remaining unreacted powder.

However, as shown in Fig. 7, in the case of the sample that reacted by adding 40-pass rolling
powder to the low-rolling-pass sample, the peaks of Ni and Al disappeared after the reaction, and
only the peaks of intermetallic compounds such as NiAl were observed. This suggests that in
this experiment, the addition of 40-pass rolling powder to the low-rolling-pass sample made it
possible to react all the low-reactivity powders in a single spark. The overall calorific value of
the reaction can be considered as the sum of the reaction heat of the low-rolling-pass powder and
that of the 40-pass rolling powder, as shown in Eq. (2).
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Because the 40-pass rolling powder was highly reactive, its calorific value was measured
independently and set to a known value. Next, the calorific value of the reaction between the
low-rolling-pass powder and the 40-pass rolling powder was measured, and the calorific value of
the 40-pass rolling powder was subtracted from the result. The resulting value was calculated as
the calorific value of the low-rolling-pass powder.

5. Measurement of Calorific Value of the Reaction
5.1 Measurement of calorific value of the reaction of multilayer powder materials

The calorimetric measurements of Al/Ni multilayer powder materials using the previously
mentioned method are described below. In the table, Ave. and Var. represent the average and
variance in three measurements, respectively. The variance of this measurement indicates the
variation in calorific value every sample.

As shown in Table 1 and Fig. 8, the average calorific value of the reaction increased with the
number of rolling passes. Among the Al-Ni intermetallic compounds, NiAl boasts the highest
enthalpy of formation, reportedly in the range of —60-70 J/mol.*>26) Therefore, the calorific
value per gram was estimated at 1634 J/g based on this enthalpy of formation. For the 40-pass
rolling powder, the average calorific value of the reaction was found to be 1601 J/g, a value in
close alignment with the estimation derived from the enthalpies of formation. Furthermore, the
variance in the calorific value, calculated from repeated measurements, increased as the number
of rolling passes decreased. As shown in Fig. 4, the AI/Ni reaction interface appeared
discontinuous, with the layer thickness showing less uniformity in the 20-pass rolling powder
than in the 40-pass rolling powder. Therefore, it is considered that the nonuniform reaction in
which AL:Ni is not 1:1 occurs in the 20-pass rolling powder. As a result, it was presumed that
intermetallic compounds with enthalpies of formation lower than that of NiAl, such as Ni,Al;

Table 1
Calorific value of the reaction for each rolling pass of multilayer powder material.
Powder (20-pass) Powder (30-pass) Powder (40-pass)
my (g) mao(g) ATz (K) g0 (V/g) m3o(g) mao(g) ATz (K) g30(lg) m(g) ATK) q(lg
0.026 0.013 0.043 910.3 0.022 0.009 0.055 1316.4 0.033 0.094 1656.7
0.022 0.011 0.054 1334.1 0.021 0.012 0.064 1633.8 0.033 0.094 1622.8
0.028 0.006 0.079 1537.8 0.031 0.010 0.095 1594.7 0.026 0.067 1523.4
Ave. 1260.7 Ave. 1515.0 Ave. 1601.0
Var. 320.1 Var. 173.0 Var. 69.3
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Fig. 8.  Calorific value of the reaction for each rolling pass of multilayer powder material.

and Al3Ni, were formed, reducing the overall calorific value of the reaction. However, there were
instances where values close to 1600 J/g were measured for the 20- and 30-pass rolling powders.
This indicates that, in some cases, the reaction is maximized in sample sets containing a high
percentage of powders with atomic composition ratios close to 1:1.

5.2 Calorimetry of multilayer film materials

Next, we describe the measurement results of the Al/Ni multilayer thin films deposited via
sputtering. In this experiment, the AI/Ni multilayer film had an overall thickness of 30 um and a
bilayer thickness of 100 nm.

As shown in Table 2 and Fig. 9, the average calorific value of the Al/Ni multilayer reaction is
1617 J/g, which is close to the calorific value of the 40-pass rolling powder. This value aligns
closely with the calorific value calculated from the enthalpies of formation. In addition, the
variances of repeated measurements for both the multilayer film and the 40-pass rolling powder
were similar. This indicates that the multilayer powder and multilayer film were comparably
uniform in terms of variations in calorific value. As mentioned previously, the variance in
calorific value decreased as the uniformity of the Al/Ni multilayer structure improved with an
increasing number of rolling passes. Here, we compare the cross sections of the multilayer film
and multilayer powder.

Figure 10 shows the SEM cross sections of the multilayer thin film and multilayer powder. As
shown in Fig. 10, the powder shows a multilayer structure with Al and Ni layers spaced 0.5 to 1

Table 2
Calorific values of the reaction of multilayer film and powder (40-pass rolled).
Film Powder (40-pass)
m (g) AT (K) q (J/g) m (g) AT (K) q (J/g)
0.029 0.089 1616.2 0.033 0.094 1656.7
0.035 0.114 1707.6 0.033 0.094 1622.8
0.034 0.099 1527.2 0.026 0.067 1523.4
Ave. 1617.0 Ave. 1601.0

Var. 64.6 Var. 69.3
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(b)

Fig. 10. Cross-sectional SEM images of multilayer materials. (a) Film and (b) powder.

pum apart. In contrast, the multilayers in the film are deposited approximately 100 nm apart,
which is roughly one-tenth the size of the powder material. Therefore, in terms of microstructure,
multilayer films exhibit greater uniformity than multilayer powders. Furthermore, this high
uniformity in the microstructure significantly affects the reaction rate.

Figure 11 shows the results of the exothermal temperature measurements for the powder and
film materials using a radiation thermometer. The measurement resolution of the radiation
thermometer and data logger is 100 ms. This measurement was started when the exothermic
temperature reached 800 °C and was terminated when the temperature fell below 800 °C. The
maximum temperatures reached by the multilayer powder and multilayer film were comparable,
at approximately 1500 °C. However, the exothermic response of the multilayer film was
completed in less than 300 ms, whereas the multilayer powder reached its maximum temperature
in 200 ms but took an additional 1000 ms to complete the reaction. The high reaction rate of the
multilayer film is presumably due to its extremely uniform microstructure and continuous
reaction interface. In contrast, powders fabricated by rolling exhibit a nonuniform
microstructure, resulting in a low reaction rate.

However, the previously mentioned calorific value measurement results indicate that the
average and its variance are the same in both the film and the powder. Therefore, in terms of
calorific value, it is considered that reducing the layer thickness of the powder to 0.5-1 pum
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through rolling allows the control of the variance of the calorific value of the reaction to the
same level as that of the multilayer film with a bilayer thickness of 100 nm.

6. Conclusion

In this study, a modified isothermal calorimeter was developed to measure the calorific value
of the reaction from the self-propagating exothermic reaction of Al/Ni multilayer materials, and
both the multilayer powder and film were measured. Adding 40-pass rolling powder, which has
higher reactivity, to the weakly reactive powder enabled the reaction of all powders with a single
spark. This method enabled us to evaluate the calorific value of the low-rolling-pass powder and
discuss the relationship between the number of rolling passes and the calorific value.

The measurements of the powder material showed that the maximum value at each rolling
pass closely matched the calorific value estimated from the formation enthalpies in which the
ALNI ratio was 1:1. However, for the low-rolling-pass samples, a large variance in the calorific
value was observed for every sample, which decreased as the number of rolling passes increased.
This variance reduction can be attributed to the increased uniformity of the layer thickness in
the multilayer material with more rolling passes, leading to the improved continuity of the
reaction interface. Consequently, this enhancement increased the NiAl ratio in the intermetallic
compound formed by the reaction, thus maximizing the calorific value of the reaction.

We then measured the calorific values of a multilayer film material with a very uniform
multilayer structure fabricated using sputter deposition and 40-pass rolling powder. We found
that the average calorific values and their variances were comparable. A comparison of the SEM
images of the multilayer powder and film revealed that the multilayer powder was approximately
10 times thicker than the film. From these results, it is considered that reducing the layer
thickness of the powder to 0.5-1 um through rolling allows the control of the variance of the

calorific value of the reaction to the same level as that of the multilayer film with a bilayer
thickness of 100 nm.
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