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Abstract
We investigated the likelihood of soybean-based adhe-

sives passing the heat resistance requirement for struc-
tural adhesives. We evaluated the performance of soy 
adhesives up to a temperature of 230°C using ASTM 
7247 (hot and cold shear blocks), thermogravimetric 
analysis (TGA), differential scanning calorimetry (DSC), 
and dynamic mechanical analysis (DMA). We found that 
pure soy flour performed relatively well at high tempera-
ture, and the addition of crosslinking agents generally 
improved performance. One commercial soy/phenol 
formaldehyde passed the standard test ASTM D7247.

Introduction
Soy protein-based adhesives, though used extensively 

early in the twentieth century, were supplanted by fos-
sil fuel-based adhesives due to cost and durability issues. 
Renewed interest in bio-based sustainable adhesives 
has prompted our laboratory and others to develop new, 
higher performance soy adhesives. One barrier to the 
use of any adhesive in a structural application or some 
building products is a relatively recent demand for adhe-
sive heat (fire) resistance, such as ASTM D 5456 and the 
ICC acceptance criteria for I-Joists (ICC 2007, ASTM 
International 2009a). In this study we investigated 
whether it is likely that soy-based adhesives could pass 
heat resistance standards.

The basic philosophy driving fire resistance certi-
fication in the United States is that structural bonded 
assemblies must perform as well as solid wood in a fire 
situation. Therefore we compared the performance of soy 
fractions, soy-based adhesives, and competing adhesives 
to wood at temperatures where wood loses significant 
strength, 230°C. 

Soy protein adhesives have already shown good fire 
resistance in at least one application: mixed with casein, 
a milk protein. “Soybean-casein door glues maintain 

strong adhesion in a fire until the gluelines are literally 
charred away” (Lambuth 2003). It seems likely that the 
relatively expensive casein in this formulation could be 
replaced with other adhesive components such as soy 
flour and phenol formaldehyde (PF) (Wescott and Frihart 
2008) or soy flour and polyamidoamine epichlorohy-
drin (PAE) (Li 2007), to maintain high-temperature per-
formance while imparting other functional properties, 
such as water resistance.

Standards for heat resistance have changed in United 
States, with the adoption of ASTM D7247 (ASTM 
International 2008), the small-scale evaluation of 
strength at high temperature that is cited in wood prod-
uct standards (ICC 2007, ASTM International 2009a, 
ASTM International 2009b). In D7247, solid blocks of 
wood cut into shear block configuration are heated in 
an oven until the hot blocks lose a specified fraction of 
their shear strength. The matching shear blocks bonded 
with various adhesives are exposed to the same condi-
tions and must not lose a larger fraction of their strength 
than the solid wood (D7247-06 states: “The mean resid-
ual shear-strength ratio for the bonded specimens is rec-
ommended to be equal to or higher than the lower 95% 
confidence interval on the mean residual shear-strength 
ratio for the solid wood control specimens…”). In this 
paper, we report shear stress at failure for soy adhesives 
tested according to D7247 in order to relate our other 
analyses to a standardized test. 

While D7247 is a useful demonstration of heat resis-
tance, it is time consuming and only provides a failure 
load after heating. Other techniques are much better at 
probing fundamental properties of adhesives upon heat 
exposure. Adhesives can lose their strength under fire 
conditions by either a thermal softening or a thermal 
decomposition process. The D7247 does not distinguish 
between these two types of failure. Differential scan-
ning calorimetry (DSC) measures the heat-flow needed 
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to change the temperature of the sample, telling us if 
thermal transitions occur in the adhesive polymer 
whether they are from phase transitions or alteration 
of the polymers. Thermogravimetric analysis (TGA) 
measures weight loss, which is indicative of polymer 
decomposition. Dynamic mechanical analysis (DMA) 
measures force and displacement on a specimen as a 
function of temperature, revealing mechanical response 
as a function of temperature. The DMA data provide 
good evidence of thermal softening of the polymers. 
These methods are commonly used when probing funda-
mental chemical-mechanical relationships in adhesives 
(Umemura et al. 1998, Umemura and Kawai 2002, Wang 
et al. 2005, Lei et al. 2008) and other materials.

Materials and Methods
Adhesives

Soy flour adhesive was made by mixing 1 part toasted 
soy flour (ADM Kasoy 20/200; Decatur, IL) in 3 parts 
water and using directly. The Soy/PF dispersion con-
tains 50% soy and 48% PF, following a literature method 
(Wescott et al. 2006). The Soy/PAE contains 30.3% 
toasted soy, 6% PAE, 0.7% additives, and 63% water, 
and has a viscosity of 20,000 cps with spindle #6 at 10 
rpm on a Brookfield Viscometer (Middleboro, MA). The 
phenol-resorcinol-formaldehyde (PRF) and emulsion 
polymer isocyanate (EPI) adhesives are from commercial 
sources. The manufacturer describes the PVAc* as a non-
crosslinked poly(vinyl acetate), but other PVAcs have a 
Tg around 50°C, which our tests show to be very differ-
ent from this material. Since this adhesive differs from 
expected PVAc behavior, we call this adhesive PVAc*. 
The casein protein used was an acid precipitated protein 
(American Casein Company, BL-330; Burlington, NJ), not 
a formulated adhesive. Soy flour (ADM Kaysoy 20/200), 
soy concentrate (ADM Arcon AF) and soy protein isolate 
(ADM ProFam 974) are commercial products. 

Thermogravimetric Analysis and DSC
Thermogravimetric analysis (TGA) and DSC speci-

mens were ground to fine powders using a dental amal-
gamator, except for wood, which was Wiley milled to 80 
mesh. EPI and PRF were cured at ambient temperature 
overnight, and 140°C for 1 hr, respectively. All other 
materials were heated to 120°C for at least 5 min to 
cure, then were vacuum-dried at 35°C before analysis. 
DSC specimens were heated from 35 to 240°C at a heat-
ing rate of 10°C per min to obtain heat-flow and heat-
flow derivative curves. The TGA specimens were held 
at 120°C for 20 min then raised to 300°C at 2°C per min 
under a nitrogen atmosphere. 

Dynamic Mechanical Analysis
Solid specimens were prepared from 2.1-mm-thick 

hard maple peeled veneer, cut to 12 mm wide by 60 mm 
long (in grain direction), and then machined with an 
end-mill to 1.12 ± 0.02 mm thickness. Bonded speci-
mens were prepared from two hard maple peeled veneers 
57 wide × 305 mm long (in grain direction) × 0.6 mm thick. 
Adhesive was applied to each veneer and cured under the 
conditions listed in Table 1. After curing, the specimens 

were held overnight at 21°C/50% RH before cutting to 
12 wide × 60 mm long (in grain direction), then oven-dried 
overnight and held in a desiccator until tested.

The specimens prepared as above were tested in a 
Q800 DMA (TA Instruments, New Castle, DE) in the 
50-mm span three-point bending fixture. For the low-
strain dynamic testing, a sinusoidal load was applied to 
the specimen that resulted in 0.01% strain (strain con-
trol with force track), in addition to a 0.01 N constant 
preload. The samples were held 60 minutes at 35°C, 
before the temperature was increased at 5°C per minute 
to 230°C and held 30 min while recording storage modu-
lus and loss modulus.

Specimens for heat deflection loading were prepared 
as above and were tested in the Q800 DMA in the same 
three-point bending fixture. At 35°C, a 2 N load was 
applied. The temperature was held at 35°C for 60 min, 
ramped at 5°C per min to 230°C, then held at 230°C for 
30 min while collecting strain readings. Initial tests on 
solid wood with 8 N load found a deflection of 0.35% at 
35°C and failure by excessive deflection at 230°C. PVAc* 
specimens failed by deflection at ~4 N under the same 
conditions.

Hot Shear Block
Hard maple shear-block specimens were prepared 

according to ASTM D7247 and tested at room tempera-
ture (cold), or held with the bondline at 230°C for one hour 
and immediately tested in shear. The specification calls 
for the shear test to be completed within 60 s of the oven 
door opening. We finished most, but not all tests in under 
60 s: our time to completion ranged from 45 to 80 s. Under 
these conditions solid wood retained 30% of its original 
shear strength. Percent failure in the wood was estimated 
using ASTM D 5266 (ASTM International 2005).

Results and Discussion
Thermogravimetric Analysis 

TGA gives information relevant to heat stability by 
measuring weight loss from thermal degradation as a 
function of temperature. To avoid any confusion about 
loss of volatiles from the polymer degradation, the sam-
ple was first held at 120°C to remove any absorbed water. 
Figures 1 and 2 show weight loss of various adhesives 
and soy fractions vs. temperature. The PRF and EPI show 
very little weight loss below 230°C. This suggests stabil-
ity in that no volatiles were formed: maple also shows 
little weight loss, though we know that 1 hour at 230°C 
will reduce compression shear-block values by 70% 
in the D 7247 test discussed later. These data clearly 
show that some component of the soy flour vaporizes 
or decomposes much faster than the PRF, EPI, or maple 
wood at temperatures below 230°. The soy/PF weight 
loss is proportional to soy flour content (50%).

The poor performance of soy flour in TGA is con-
trary to our understanding of the thermal stability of 
proteins. Therefore we compared soy flour to soy con-
centrate and isolate as well as pure casein (a protein 
used in heat-resistant applications). Concentrate is made 
by extracting flour with ethanol (Sun 2005) to remove 
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approximately 15 wt% dimer and trimer sugars, mostly 
sucrose and raffinose, and some small peptides (Egbert, 
personal communication, 2008). Soy protein isolate is 
almost a pure protein, made by dissolving protein to 
allow filtering out the insoluble carbohydrates followed 
by precipitating soy protein to allow separation from sol-
uble carbohydrates (Wool and Sun 2005). The results of 
TGA analysis on these materials are shown in Fig. 2.

Figure 2 suggests that the portion of soy flour degrad-
ing below 230°C is the low molecular-weight carbohy-
drate and peptides found in flour, but not in concentrate. 
Because proteins should be stronger contributors to dry/
wet bond strength than are the low molecular-weight 
carbohydrate components, we are not concerned about 
small carbohydrate degradation. Up to 230°C, the soy 
protein concentrate and isolate out-perform casein in 
this analysis, suggesting that, like casein, soy protein 
has the potential for excellent performance under fire 
conditions.

Differential Scanning Calorimetry
Differential scanning calorimetry provides informa-

tion about changes in the polymer state or polymer sta-
bility by changes in the heat capacity of the material as 
the temperature increases or decreases at a constant rate. 
Changes in the state of the polymer could be glass or 
melt transitions or degradation. In Fig. 3, PRF shows no 
transitions over the temperature range studied. This is 
consistent with its fully cured thermoset state. A transi-
tion is evident in EPI at ~75°C. The soy flour, soy flour/
PF, and EPI have a transition to lower heat-flow at 190 to 
230°C. This is not a glass or melting transition, as they 

would increase heat-flow. It is more suggestive of an exo-
thermic reaction or lower molecular mobility.

Dynamic Mechanical Analysis—Temperature Sweep 
For the samples tested, solid wood and the soy/PAE 

had the highest adhesive storage modulus (Fig. 4), while 
solid wood had the smallest reduction in its modulus 
when heated to 230°C (Fig. 5). PVAc* shows greatest 
loss in storage modulus on heating, as it passes through 
a transition during the heating cycle (maximum tan d 
at 143°C). Since PVAc typically has a Tg at ~50°C, we 
doubt that this commercial material is a pure PVAc. 

Table 1. ~ Dynamic mechanical analysis (DMA) sample preparation details.

Adhesive Spread rate Target bondline temperature Time at target temperature

(g/m2) (°C) (min)
PVAc* 129 Ambient >8 hr

Soy flour 215 120 10
Soy/PF 215 150 10

Soy/PAE 215 120 10

Figure 1. ~ Weight retention for several soy-based adhe-
sives, compared to commercial adhesives, tested by TGA.

Figure 2. ~ Weight retention of bio-based materials 
tested by TGA.

Figure 3. ~ Heat flow vs. temperature for four adhesives 
tested by DSC.
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The pattern of loss of storage modulus with heating is 
very similar between solid wood, soy flour, and soy/PAE 
assemblies. The high storage modulus of the soy/PAE 
complements the observation that the veneers could not 
be pried apart with a knife without wood failure. 

The retention of storage modulus from Fig. 4 is summa-
rized in Fig. 5, where the bar marked “unbonded” repre-
sents the theoretical stiffness retention of two unbonded 
plies of total thickness equal to the bonded specimens 
[solid wood retained 0.637 of its original strength. A 
beam of 1/2 thickness has 1/8 stiffness (Forest Products 
Laboratory 1999), two unbonded veneers therefore have 
2 × 1/8 = ¼ the stiffness. Theoretical stiffness retention 
of two unbonded veneers is thus 0.637 × 0.25 = 0.159]. 
The severity of the heat treatment is shown by the drop 
in stiffness of solid wood. Because the soy assemblies 
retain less storage modulus than solid wood, these adhe-

sives are probably losing stiffness faster than solid wood 
at these elevated temperatures. 

Tan d values (the ratio of loss modulus to storage 
modulus during deformation) are shown in Fig. 6. The 
tested PVAc* shows a peak in tan d near 125°C, consis-
tent with the loss in storage modulus shown in Fig. 4. 
Soy/PAE has tan d values similar to solid wood, suggest-
ing good mechanical stability at high temperature. Plain 
soy flour has higher tan d than the soy/PAE at the higher 
temperatures, which indicates that the PAE crosslinking 
agent is partially preventing the softening of soy at high 
temperature. Such crosslinking or other formulation 
modifications will probably be necessary to pass heat 
resistance tests with soy flour adhesives. 

Dynamic Mechanical Analysis— 
Heat Deflection Analysis

We started with the hypothesis that the rate of creep 
would be greater for polymers that softened at elevated 
temperatures. To evaluate that hypothesis, strain rates 
were calculated for the final 25 min at 230°C when 
specimens were exposed to constant load under heat-
ing. Final slopes for PRF and PVAc* were very similar 
(Fig. 7). The higher final strain of PVAc* leads us to the 
conclusion that final strain magnitude, and the change 
in strain that occurs during temperature rise, are bet-
ter indicators of thermal performance of adhesives than 
final strain rate. 

Under constant load and increasing temperature, all 
laminated beams deflected more during heating than the 
solid wood (Fig. 8). In addition to some adhesive soften-
ing, we attribute a portion of this deflection to the higher 
stress on bonded specimens, which were 10% thinner 
than solid specimens but were loaded the same load (2 
N). In either case, the two crosslinked soy adhesives have 
slightly lower creep than soy flour, which is far better 
than PVAc*, and approach the values of solid wood.

Throughout these tests, we started from the assump-
tion that the wood was stiffer than the adhesive at all 
times, in which case, the observed results would indicate 

Figure 4. ~ Storage modulus vs. temperature for solid 
wood and bonded specimens tested by DMA. Separate 
traces represent replicate runs with separate specimens.

Figure 5. ~ Retention of storage modulus as temperature 
rises from 35 to 230°C. Unbonded is theoretical stiff-
ness of two unbonded plies with the same total thick-
ness as the solid maple specimens. Each bar represents a 
different replicate.

Figure 6. ~ Tan d vs. temperature comparison of several 
soy adhesives, PVAc*, and solid wood.
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the response of the adhesive alone. However, our test 
system responds as a composite, and what we hope to be 
a simple measurement of adhesive performance, is com-
plicated by the true condition, namely, that our testing 
measures the material properties of the weakest link in 
the wood-adhesive composite. There are other, more rig-
orous, approaches to elucidating adhesive performance, 
for example testing the adhesive bonded to a different 
rigid material (e.g., glass) or supported by a uniform 
fibrous support (either glass or paper). Each of these has 
difficulties, with the chief drawback being the lack of 
interaction with all wood components. This study has 
presented a first glimpse of the possibilities of soy adhe-
sives in wood composites.

Shear Block
In addition to understanding the fundamental prop-

erties of soy adhesives under heat stress, we wanted to 
know their performance in the standard test assembly. 
In the ASTM D 7247 shear-block test, the hot-shear 
strength of solid maple was 4.4 MPa. Soy/PF and the 
plain soy flour adhesive had a mean hot-shear strength 
of 4.9 and 3.1 MPa, respectively (Fig. 9). Soy/PF speci-
mens showed 90 to 100% wood failure, while the soy 
flour specimens showed wood failure around the edges 

and adhesive failure in the center, suggesting that the 
time between removal from the oven and completion of 
the test allowed cooling at the edges which increased the 
values for the plain soy strength values. The soy/PF sys-
tem, however, performed just as well as solid wood and 
had wood failure even in the hot core, so is likely to pass 
the heat resistance qualification. PRF was also relatively 
close to the solid wood values, without core/edge differ-
ences. We believe the low EPI values may stem from the 
EPI thermal transition observed at ~75° with DSC. On 
the basis of the performance of soy/PF and the relatively 
strong bond with unmodified soy flour, we believe there 
is a strong possibility that adhesives containing soy 
could be formulated to meet the heat resistance require-
ments for structural applications. 

Conclusions
Properties of soy raw material, soy adhesives, and some 

commercial wood adhesives are compared. TGA suggests 
that soy proteins have excellent resistance to degradation, 
while the low molecular-weight fraction of soy flour decom-
position begins at ~180°C. The data for the soy concentrate 

Figure 7. ~ Comparison of heat 
deflection rates at 230°C. Absolute 
magnitude of deflection on heating 
is different for different adhesives, 
but the final slopes are not a useful 
measure of difference.

Figure 8. ~ Heat deflection of beams laminated with 
various adhesives. Figure 9. ~ Hot shear blocks tested after 1 hour at 230°C 

using ASTM D 7247. Horizontal lines represent 25, 50, 
and 75% quantiles. Outliers are represented as points.
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and isolate indicate that the low molecular-weight carbo-
hydrates are most likely the cause of soy flour degradation. 
DSC suggests that soy flour and soy/PF have no significant 
thermal transitions between 50 and 190°C.

Methods were developed to compare stiffness (tem-
perature sweep DMA) and creep under load (heat deflec-
tion analysis DMA) for solid wood and veneer laminates. 
Dynamic testing under a low strain regime showed that 
the soy/PAE formulation was comparable to solid wood, 
while plain soy flour lost 14% more stiffness at higher 
temperatures than solid wood. 

In the temperature sweep DMA, total deflection dur-
ing the heating phase was a better measure of adhesive 
response to high temperatures than was creep rate at 
230°C, since the final rates showed high variability and 
overlapping ranges compared to the large differences in 
strain magnitude. Again the soy/PAE performance was 
very similar to solid wood.

Hot shear blocks adhered with soy/PF, and PRF (ASTM 
7247) had essentially the same strength as solid wood, 
indicating excellent high-temperature performance. 
Plain soy flour as an adhesive failed at about 60% of the 
value for solid wood. Considering this was simply the 
raw flour mixed with water and applied to the wood, we 
feel this is a very promising result.

The promising results presented here indicate strong 
possibilities for formulating soy adhesives with the heat 
resistance necessary for structural applications.
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