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Abstract 
 
Finger jointing is complex and requires numerous efforts in order to evaluate the various parameters that 
influence the process and to optimize product performance. Some of the key parameters are related to the 
conditions of the lumber material such as moisture content (MC) and temperature. Attempts are made by 
the finger jointing industry to control the lumber conditions prior to finger jointing; however, the process 
has proved to be difficult. There is a need to evaluate the impact of MC and temperature of lumber and 
the interaction between the two, on the end product performance, especially with new adhesives systems.  
 
Black spruce (Picea mariana (Mill) B.S.P.) 2x3 blocks in green and at different MCs (12, 16 and 20%) 
were conditioned at various temperatures (-5, 5, 12 and 20oC) prior to finger jointing. Two types of 
adhesives were used in this study: Polymer Emulsion Polyurethane (PEP) and a new fast curing 
formulation of Phenol Resorcinol Formaldehyde (PRF). All specimens were tested in tension after 24h of 
curing at room temperature to determine their ultimate tensile strength (UTS). Microscopic analysis of the 
adhesive bond was performed to evaluate the glue penetration into the wood following conditioning. 
Results have shown that the operating envelop for PEP adhesive is between 12 and 16% MC and between 
5 and 20oC, while optimum MC for PRF adhesive was found to be around 16%. It was found that PRF 
adhesive performed better at high moisture content. High wood failure and uniform glue penetration 
profiles were associated with dry lumber. Failure in the glue and irregular glue penetration profiles were 
generally associated with green wood. 
 
 
 



Verification of the Key Parameters Affecting the Finger jointing Process  

 
 
 
 

 
 

iv 
 

Acknowledgements 
 
The research project was financially supported by the Canadian Forest Service (CFS). Work was 
performed jointly with Dr. Robert Beauregard of Laval University. Many thanks to Mr. Beauregard and 
Ms. Cecilia Bustos, a Ph.D. student in the Department of Wood Science and Forestry at Laval University, 
for their hard work and great commitments. The author would like to thank Mr. Richard Desjardins for 
his technical contribution to this project. Thanks are also extended to Messrs. Gary Schaeffer, Ashland 
Speciality Chemical Adhesives, and Thierry Paquin, Borden Chemical – Canada, for their input and 
supply of adhesives.  
 
 



Verification of the Key Parameters Affecting the Finger jointing Process  

 
 
 
 

 
 

v 
 

Table of Contents 
Abstract......................................................................................................................................................................... iii 
Acknowledgements....................................................................................................................................................... iv 
List of Tables................................................................................................................................................................. vi 
List of Figures ............................................................................................................................................................... vi 
1 Objectives ...............................................................................................................................................................1 
2 Introduction .............................................................................................................................................................1 
3 Background.............................................................................................................................................................1 

3.1 Solid wood .......................................................................................................................................................2 
3.2 Adhesive bond.................................................................................................................................................2 
3.3 Sensitivity of traditional adhesives to variations in MC ....................................................................................3 
3.4 RF curing compared to room temperature.......................................................................................................4 
3.5 Influence of MC and temperature of finger-jointed wood on curing .................................................................4 
3.6 New adhesive systems ....................................................................................................................................4 

4 Staff ........................................................................................................................................................................5 
5 Materials and Method .............................................................................................................................................5 

5.1 Materials ..........................................................................................................................................................5 
5.1.1 Lumber material ....................................................................................................................................5 
5.1.2 Adhesives .............................................................................................................................................6 

5.2 Methods...........................................................................................................................................................6 
5.2.1 Finger jointing .......................................................................................................................................6 
5.2.2 Conditioning ..........................................................................................................................................7 
5.2.3 Curing time............................................................................................................................................8 
5.2.4 Evaluation .............................................................................................................................................8 
5.2.5 Scanning electron microscopy analysis (SEM) .....................................................................................8 

6 Results and Discussion...........................................................................................................................................9 
6.1 PEP adhesive ................................................................................................................................................10 

6.1.1 Moisture content (MC) ........................................................................................................................10 
6.1.2 Temperature .......................................................................................................................................10 

6.2 PRF Adhesive................................................................................................................................................11 
6.2.1 Moisture content .................................................................................................................................11 
6.2.2 Temperature .......................................................................................................................................12 

6.3 Adhesives comparison...................................................................................................................................12 
6.4 Failure modes................................................................................................................................................14 
6.5 SEM analysis of transverse glue line section.................................................................................................14 
6.6 Curing Time ...................................................................................................................................................17 

7 Conclusions ..........................................................................................................................................................17 
8 References ...........................................................................................................................................................18 
 
Appendix I Technical information on the adhesives 
Appendix II Finger jointing process and testing 



Verification of the Key Parameters Affecting the Finger jointing Process  

 
 
 
 

 
 

vi 
 

List of Tables 
 
Table 1 MC in wood recommended for finger jointing with different types adhesives and curing procedure ........2 
Table 2 Characteristics of the finger jointing process and the joint geometry........................................................7 
Table 3 Summary of Test Groups on the Moisture and Temperature Effects .......................................................7 
Table 4 Average and minimum values for UTS, density and MC using PEP and PRF adhesives at 

different EMC and temperature conditions ...............................................................................................9 
Table 5 Paired-wise comparison between adhesive types..................................................................................12 
Table 6 Depth of glue penetration and UTS values for various MC and temperature conditions 

(based on the SEM image).....................................................................................................................16 
 
 
 

List of Figures 
 
Figure 1 Schematic of the location of samples cut for the scanning electron microscopy analysis ........................9 
Figure 2 Effect of MC and temperature effects on the UTS for PEP adhesive .....................................................13 
Figure 3 Effect of MC and temperature on the UTS for PRF adhesive.................................................................13 
Figure 4 Second order polynomial for 20oC temperature level .............................................................................14 
Figure 5 SEM image of finger joint glue line (Green and 20oC): 
 a) Original glue line profile, and  b) Glue line profile painted in Paintshop software...............................15 
Figure 6  SEM image of finger joint glue line (12% and 20oC): 
 a) Original glue line profile, and  b) Glue line profile painted in Paintshop software...............................16 
Figure 7 Mean depth of glue penetration values for PEP and PRF adhesives.....................................................17 
 
 



Verification of the Key Parameters Affecting the Finger jointing Process  

 
 
 
 

 
 

1 of 20 
 

1 Objectives 
The project was undertaken to evaluate the influence of moisture content and temperature at the time of 
jointing and the interaction between the two, on the structural performance of finger-jointed black spruce. 
A secondary objective was to compare the structural performance of finger-jointed lumber made up of 
Isocyanate based adhesive (PEP) and a newly developed, fast curing type of Phenol Resorcinol 
Formaldehyde (PRF) adhesive. 
 
 

2 Introduction 
The process of finger jointing is complex and requires numerous efforts in order to evaluate the various 
workable and optimum conditions of jointed wood members. Many factors are known to affect the 
strength of finger joints. Some are related to wood, such as species, density, natural defects, moisture 
content, temperature, and gluability of the species. Others are related to wood machining, type of 
adhesive and gluing processes such as condition of the cutting tools, curing time and applied assembling 
pressure. Although a number of research has been carried out to evaluate the structural performance of 
finger-jointed lumber in various species, little research has been done on finger-jointed black spruce. 
Since it has only recently been introduced for finger jointing, there is a real need to evaluate the various 
parameters that influence the manufacturing process due to lack of available information and growing 
economic importance of the species in such applications. 
 
A recent study (Project No. 2739 entitled “Finger-joint process optimisation for structural applications”) 
was carried out at Forintek Canada Corp., Eastern Laboratory dealing with optimization of the finger joint 
process by evaluating the influence of manufacturing parameters (i.e. machining parameters, assembly 
pressure, curing time, etc.). Although the study dealt with the influence of moisture content (MC) and 
temperature, it was limited to few moisture and temperature combinations and using a Polymer Emulsion 
Polyurethane (PEP) type of adhesive only. It is important to expand on the previous study and investigate 
the influence of MC and temperature in a broader range using other types of structural adhesives (i.e. 
Phenol Resorcinol Formaldehyde (PRF)). The study will help the Canadian industry optimize the finger 
jointing process improve product performance, thus, reducing reject rates and production costs.  
 
 

3 Background 
Concerns have been raised lately by the finger jointing industry on how MC and temperature of wood 
could affect the performance of the end product, especially when new adhesive systems are used in the 
finger jointing industry. Typically, the MC in wood in bonded products should be close to the Equilib-
rium Moisture Content (EMC) that the product will experience in service. Average EMC in wood 
exposed to the outdoors for most of the United-States and Southern Canada is near 12% and ranges from 
7% to 14%. Variability of MC between wood pieces in a single assembly should be kept at minimum. 
Some researchers have indicated that the variability should not exceed 5% as beyond this limit, further 
drying and shrinkage in service could cause stress development in the joint zone great enough to rupture 
adhesive bond and wood (Kennedy 1951). Seasonal changes in the temperature are also quite common 
especially in North America. Recommended temperature of wood for finger jointing with typical 
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adhesives used in the finger jointing industry (i.e. PRF and RF) is around 15oC, unless the jointing 
method employed permits a lower temperature (Fröblom, 1975 and Raknes, 1982). 
 
In order to provide a better understanding of how MC and temperature of wood affect the end product in 
the finger jointing industry, it is necessary to study the influence of MC and temperature variations in 
solid wood and adhesive bond quality. The following section provides background information on how 
MC and temperature could affect solid wood, adhesive bond performance and, ultimately, the end 
product. 
 
3.1 Solid wood 
 
Although the mechanical properties of solid wood will continue to increase as wood is dried to lower MC 
levels, some properties (i.e. tensile strength) may reach a maximum value then start to decrease with 
further drying (Green et al. 1999). Tests carried out on Douglas fir specie to evaluate the influence of MC 
on the Ultimate Tensile Strength (UTS), indicated that the UTS tends to initially increase with drying then 
start decreasing as drying continued. The UTS at 10% MC was found to be considerably lower than that 
at higher MC levels (Green et al 1999).  
 
Big variations in MC within individual boards and between boards are not unusual in a kiln-dried load 
due the natural variability of wood, the difficulty in controlling the kiln-drying process and changes in the 
environmental conditions prior to finger jointing. Boards in the heart of the bundle will experience fewer 
changes in their MC due to changes in the surrounding environmental conditions compared to boards 
located at the top or on the sides. Even though, finger-jointed lumber is commonly manufactured of wood 
that has been seasoned to standard moisture contents (<19% MC) and are graded-stamped "S-DRY" or 
"KD", different MC levels are suggested depending on the type of adhesive used and the curing 
conditions. The upper and lower limits vary with the adhesive type, formulation and the curing process 
used (Selbo, 1975). MC limits of wood recommended for finger jointing using common types of 
adhesives are given in Table 1. 
 
Table 1 MC in wood recommended for finger jointing with different types adhesives and 
curing procedure 
 

 Reference No. 1 Reference No. 2 

Emulsion adhesive (general) 6 to 14% (Vick, 1999) 6 to 17% (Jokerst, 1981) 
PRF (room temperature curing) 10 to 25% (Raknes, 1982) 6 to 25% (Selbo, 1975) 
PRF (RF tunnel curing) < 16% (Turgeon, 1981) < 12 % (Troughton, 1984) 
PEP (room temperature curing) 6 to 16% (Ashland, 1999) X 

 
 
3.2 Adhesive bond 
 
MC and temperature of wood at the time of jointing can also affect bonding quality. Since end joints 
usually contain a large proportion of end grains, control of glue penetration becomes quite critical 
(Currier 1960). An optimum penetration depth needs to be achieved in order to have good structural 
performances. Two existing schools of thoughts are attempting to explain why the poor performance of an 
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aqueous type of adhesive (i.e. PF, RF, PRF, and MUF) is associated with a high MC in wood. According 
to Vick (1999), when wood contains excess amounts of moisture (above fibre saturation point), less water 
and adhesive is absorbed by wood. This leads to excessive adhesive mobility, followed by squeeze-out 
when end pressure is applied and a thin glue line is produced. On the other hand, Jokerst (1981) and 
Ménard (1993) explained that at high MC, adhesive remaining in the glue line after pressing is diluted 
and, therefore, get absorbed by the wood, resulting in a starved joint. Whereas, at low MC (below 6%), 
glue tends to dry-out and most of the water from adhesive migrates into the wood, resulting in granulose 
adhesive. A thick joint is produced as a result with insufficient penetration. Other researchers (Bailey, 
1998), associated high MC with curing, where the length of time required for the adhesive to cure is 
extended when using wood with a high MC. However, regardless of the type of explanation given, all 
sources agree on the fact that poor performance of adhesive bonding is associated with high MC.  
 
Increasing the temperature of wood by heating the finger joint accelerates polymerization of ther-
mosetting adhesives. Heating increases the viscosity of the adhesive thus reducing the excessive 
penetration of adhesive into the wet wood (Troughton, 1986). Higher temperature could also precure the 
glue and cause insufficient penetration. On the other hand, cold wood could decelerate the polymerisation 
reaction, keeping low viscosity adhesive for longer duration thus possibly leading to excessive 
penetration. 
 
Isocyanate-based adhesives have their own behaviours regarding MC variations. PEP is a two 
components adhesive based on a Polyurethane Prepolymer (PUP, 100% solid) which are combined with 
an emulsion called Aqueous Emulsion Polymer (AEP, 55% water). Isocyanate groups (NCO) react with 
water to form crosslinks (Chen, 2001). Water is present in both, the emulsion polymer and the wood. 
Chen (2001) has demonstrated that when PUP is increased in the adhesive mix, the strength of finger 
joints steadily increases until a mix ratio of 80/20 is reached. Additional water present in the wood due to 
a high MC (i.e. green lumber) will lead to a change in the mix ratio thus affecting the chemical reaction 
and, eventually, the bond performance. On the other hand, one component MDI adhesives are moisture 
curable, therefore, they are more suitable for gluing green lumber. They usually contain 100% solids 
Isocyanate groups that react and cure in contact with air humidity and moisture in the wood substrate 
(Vick, 1999). 
 
It is important to mention that MC and temperature of wood can also affect indirectly other variables 
related to wood, which could indirectly affect the bond quality as well. For example, the MC and 
temperature of wood can influence the machining properties of wood and its compression strength 
(Raknes, 1982). 
 
3.3 Sensitivity of traditional adhesives to variations in MC  
 
Traditional PRF and RF adhesives are fairly tolerant to high MC when cured at room temperature. 
Practical experiences, as well as research, have shown that using PRF and RF adhesives, MC up to 25% 
has no adverse effect on adhesion or bond strength. In fact, very low MC is more dangerous with these 
glues. MC of 8 ~10% is considered to be the lower safety limit for gluing softwood (Raknes, 1982). 
Shuler (1980) investigated the effect of MC in solid wood on the tension (UTS) and bending (MOR) 
properties of the joint for eastern spruce. RF adhesive was used and curing took place at room 
temperature. Three different moisture contents were studied (8, 12 and 14%). Results showed significant 
differences between properties at 8% MC and those at other moisture levels. Moreover, with 8% MC, 
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failure occurred mostly in the adhesive (with less wood failure). Lower average UTS and MOR values 
were also associated with 8% MC (Shuler 1980). 
 
3.4 RF curing compared to room temperature 
 
PRF adhesives used in finger jointing have a long gel time at room temperature. Therefore, finger joints 
must be heated to accelerate curing in order to meet process requirements within a reasonable period of 
time. Radio frequency (RF) tunnel is commonly used by the industry to cure the adhesive within few 
seconds. However, RF curing is quite sensitive to high moisture contents. Recommended MC of finger-
jointed lumber for proper curing using RF tunnel is 12% or less (see Table 1), otherwise, “arcing” 
problems could occur (Troughton, 1984). In addition, high frequency electric current sets water molecules 
into a rapid motion, causing their temperature to rise. If the MC in wood is higher than 12%, high 
frequency energy dissipates away from the adhesive. This problem becomes particularly significant as the 
production line moves faster, and curing time is limited (Ngangé, 1999). Improper curing may result in a 
product that does not meet the standards requirements and adjustments on production must be made. 
Moreover, using RF tunnel requires much energy and is considered quite costly to maintain.  
 
Although RF tunnel is rather common in industry, room temperature curing of resorcinol adhesives 
produces joints with better quality. Curing at room temperature has two major advantages over RF tunnel: 
1) the glue film sets into hard strong binder with little residual stress; and 2) MC escapes gradually so that 
a molecularly porous solid is formed, allowing moisture diffusion to occur in the same manner as that in 
wood (Moult 1977). Moreover, when the adhesive cures slowly (without a heating source), it penetrates 
deeper into wood compared with RF tunnel, which tends to precure the adhesive within a very short time 
(less than one minute) at 80oC, avoiding proper penetration. There is a need for a process and adhesive 
system that cures quickly at room temperature, more tolerant to MC variations and yet, meets current 
performance standards. 
 
3.5 Influence of MC and temperature of finger-jointed wood on curing 
 
Variations in the MC in and temperature of wood members at the time of jointing can affect accelerated 
curing processes and, ultimately, the bond performance of joints following total curing (Lange et al. 2000 
and Smith 1955). Generally, the industry utilizes two methods to ensure a good quality control of the 
finger jointing process: (1) proof loading in tension of every finger-jointed board (approximately thirty 
minutes following RF tunnel); and (2) testing samples in laboratory at 24h after production. The quality 
of the finger joint could be affected at the two stages. The first stage is generally more sensitive to the MC 
and temperature variations than the second, as testing 24h following production, allows full curing and, 
so, absorbing the effect of those variations. Therefore, proof loading of all finger-jointed boards would be 
recommended after 24 hours. 
 
3.6 New adhesive systems 
 
The wood industry is searching for new adhesive systems that are can cure fast under ambient conditions, 
easy to use, more tolerant to MC and temperature variations in wood, and economically feasible 
compared to those currently in use (Pagel and Luckman, 1981). Although new adhesives systems have 
been developed for other materials and applications, still the dominant types of adhesives used in the 
finger jointing industry is Resorcinol-Formaldehyde (RF) and Phenol-Resorcinol-Formaldehyde (PRF). 
This may not be surprising, as the production of structural wood jointed according to SPS-1 (NLGA 
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2002a) was limited to the RF and PRF adhesives. A new performance-based adhesive standard has been 
developed by NLGA with the objective of establishing a performance criterion and an evaluation method 
to verify compliance with such criterion (NLGA 2002b). The new standard will make it easy for the 
newly developed adhesive systems as the new standard does not recognise a certain type of adhesive, 
rather, it deals with a set of the performance criteria that the adhesive must meet (NLGA 2002b).  
 
Two main adhesive systems have been developed recently for finger jointing structural lumber in North 
America. They are: Cascophen AG-5695Q (a liquid phenol resorcinol formaldehyde resin) and ISOSET, 
which are based on Polyurethane Prepolymer (PUP) as a major component (ISOSET UX-100), combined 
with an Aqueous Emulsion Polymer (AEP) as a minor component (ISOSET WD3-A322). The two 
adhesives polymerize quickly at room temperature. The new adhesives systems will maintain production 
flow and will decrease the amount of energy needed to cure the adhesive, as RF tunnel will be eliminated 
from the finger jointing process. Both types of adhesives are water-based. From a penetration perspective, 
water-based adhesives are generally desirable for wood bonding since wood is capable of absorbing a 
large amount of water in cell lumens and within cell walls. Water is used as the carrier for these wood 
adhesives (Vick 1999). 
 
A newly developed PEP adhesive called UX-200 has just been commercialized by Ashland. This 
adhesive has a shorter gel time compared to UX-100, with a gel time ranging from 3 to 4 minutes at 21~ 
26oC.  
 
 

4 Staff 
Mohammad Mohammad, P. Eng., Ph.D.  Research Scientist, Building Systems 
Benoit St-Pierre   Graduate student, Laval University 
Jean-Claude Garant   Technologist, Building Systems 
Anes Omeranovic   Technologist, Building Systems 
Martin O’Connor   Technologist, Value-Added 
 
 

5 Materials and Method 

5.1 Materials 
 
5.1.1 Lumber material 
 
Black spruce lumber (2x3, Grade No. 2) was ordered in green condition from the Chibougamau area 
(Québec). Once arrived, Pine and Fir boards were removed from the bundles. Some were kept in green 
conditions, while the rest of the wood was dried down to 20, 16 and 12% EMC, using Forintek's drying 
kilns. Defects were removed from pieces and were cut to produce blocks between 20 cm and 91 cm (8 to 
36 inch) long of No. 2 and Better Quality (NLGA 2002a). These lengths facilitated the jointing and 
testing process to meet the NLGA SPS 1-2000 specifications for structural wood. For qualification, finger 
joints must be formed from sound wood to meet the grain slope (1 in 8) and other visual requirements of 
Grade No. 2. The knot size limitation is 2.22 cm in a stroke and in the center of the broad face. Knots 
were examined on the flat and edge faces to identify the most critical section. SPS 1-2002 requires that 
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1. 

2. 

the wood does not contain knots exceeding 10% of the cross section at the joint location. The defecting-
yield reached almost 75% for the green wood and 65% for the kiln-dried wood to produce Grade No. 2 
blocks. Following trimming, blocks at MC of 12%, 16% and 20% were kept in conditioning chambers for 
at least one month for conditioning. Green blocks (at 30%-40% MC) were wrapped with plastic and kept 
in a conditioning chamber set up at 5oC and 90% RH (20% EMC) prior to jointing. All blocks were 
conditioned to their respective temperatures 24 hours prior to finger jointing. 
 
5.1.2 Adhesives 
 
Two types of adhesives were used in this study:  
 

ISOSET: which is based on Polyurethane Prepolymer (PUP) as a major component (ISOSET 
UX-100), which is combined with an Aqueous Emulsion Polymer (AEP) as a minor component 
(ISOSET WD3-A322); and  
Cascophen AG-5695Q: a liquid, phenol resorcinol formaldehyde resin, used for gluing structural 
wood members when fast setting cure times are desirable. It is usually mixed with Cascoset FM-
6210, a powder formaldehyde hardener for use with phenol resorcinol and resorcinol resins. 

 
5.2 Methods 
 
5.2.1 Finger jointing 
 
A Conception RP 2000 machine provided with a lateral feed system, commonly used in the North 
American finger jointing industry, was used. Blocks at different conditions were machined at the ends 
such that the fingers were cut parallel to the wide face (horizontal joint). Feather profile was selected for 
this study. The characteristics of finger joint geometry are given in Table 2. Glue was applied manually 
on one end using a finger-profiled piece of lumber cut to appropriate dimension and served as a glue 
applicator. A balance was used to apply the right quantity of glue for PEP adhesive. However, since a 
shorter assembly time is required for PRF adhesive, quantity of glue applied was estimated following 
careful trials to ensure that the correct quantity was consistently applied. Once glued, blocks were jointed 
together and an end pressure of 3.43 MPa (500 psi) was applied for 20 seconds in accordance with 
previous findings (Mohammad 2002). A lateral pressure of 0.28 MPa (40 psi) was also applied on the 
narrow face of lumber. The finger-jointed lumber was cut off at 2.44 m (8 feet) long. Finally, specimens 
were mechanically tested after 24 hours of curing at ambient conditions (20oC and 65% RH).  
 
Other process parameters used in this study were those optimized in the previous study (Mohammad 
2002). Those parameters are presented in Table 2. The knives wear is another variable that was controlled 
in this study. It was decided to sharpen the knives once every four hours of machining (2500 board feet), 
as many studies indicated that the first four hours have no significant effect on the surface quality and the 
mechanical performance of finger joints. Other studies recommend that knives should be sharpened after, 
approximately 30,000 board feet of lumber is run through (Pitcher 2003). 
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Table 2  Characteristics of the finger jointing process and the joint geometry 
 

Characteristics of the finger jointing process  

Rotation speed  3500 RPM  
Feeding speed  18.3 m/min 
Chip-load 0.87 mm 
Cutting speed 2932 m/min 
# of knives 6  (using 6 sets of knives-bolts) 
Assembly time 
(before pressure) 

< 5 min. (PEP) 
< 1 min. (PRF) 

Pressure time 20 seconds 

Adhesive quantity  PEP: 90 to 113 g/m2  
181 to 207 g/m2 (PRF) 

Joint Geometry  

Length 28.27 mm 
Tip 0.76 mm 
Pitch 6.69 mm 

 
5.2.2 Conditioning 
 
Wood blocks were conditioned to produce 12%, 16% and 20% moisture content (MC) prior to finger 
jointing. Other groups were kept in green conditions. Following conditioning, the temperature of some 
wood specimens were brought down to below freezing point (-5oC), other groups were conditioned down 
to 12oC and to 5oC. The above-mentioned conditions simulate real situation in a typical finger joint plant, 
where the wood material could be stored in open air and subjected to various weather conditions before 
processing. In total, thirty-two (32) different combinations of wood moisture contents and temperatures 
were investigated as can be seen in Table 3. 
 
Table 3 Summary of Test Groups on the Moisture and Temperature Effects 
 

Adhesive Type 
Moisture Content 

(%) 
Temperature 

(oC) 

PEP  

12 
16 
20 

Green 

-5, 5, 12, 20 
-5, 5, 12, 20 
-5, 5, 12, 20 
-5, 5, 12, 20 

PRF 

12 
16 
20 

Green 

-5, 5, 12, 20 
-5, 5, 12, 20 
-5, 5, 12, 20 
-5, 5, 12, 20 
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5.2.3 Curing time  
 
All specimens were tested 24 hours following finger jointing. Twenty specimens, however, were 
fabricated using PEP and PRF and were tested in tension 30 minutes after curing at room temperature 
(20oC). This part of the study was initiated to determine if the two adhesive systems meet the finger joint 
processing requirements according to NLGA SPS-1 standard for UTS.  
 
5.2.4 Evaluation 
 
Proof tensile tests were used to evaluate the performance of the various groups. Tension tests were 
performed according to ASTM D 198 (ASTM 2001a) using a MTS Metriguard testing machine (Model 
412). The machine provides a uniform tensile stress over the complete cross section of the lumber 
specimen. Testing and data acquisition were controlled using a software developed by Forintek Canada 
Corp. The ultimate tensile strength (UTS) was calculated using the ultimate load in tension at failure 
divided by the actual cross section area of the finger-jointed lumber at the failure location. UTS was used 
as a criterion to compare between the various treatments. 
 
Failure modes were classified according to ASTM D 4688 standard (ASTM 2001b). Since the study was 
focused on assessing the joint zone strength, only those failures occurred in the joint zone were 
considered, others were rejected. Thus, failure modes Nos. 5 and 6 (with mainly wood failure) were 
rejected. Following tension tests, two samples were cut from each side of the failed joint and MC was 
determined, as well as the density in accordance with ASTM D 2395-93 (ASTM 2001c).  
 
5.2.5 Scanning electron microscopy analysis (SEM) 
 
Microscopic examination using scanning electron microscopy (SEM), JEOL 840-A instrument, was used 
as a tool to further explain the differences in the mechanical performance and the failure mode between 
various groups with different conditions. Small blocks of 1.0 cm2 of traverse area, including the glue line, 
were cut off from the middle of the joints location (Figure 1) for certain conditions. Samples were taken 
from finger joints made up of both types of adhesives at the following conditions: -5oC and 12% MC, -
5oC and 30% MC, 20oC and 12% MC, 20oC and 30% MC. Prior to SEM examination, a razor blade was 
used to carefully cut a surface on the end-grain. The small blocks were later desiccated with Phosphorus 
Pentoxide (P2O5) over a period of two weeks. Then, they were coated with gold-palladium in a sputter-
coater. Electron micrographs of five representative surfaces were taken for each of the eight conditions.  
 
In the micrograph images, the area covered by adhesive was coloured in Photoshop. Adhesive penetration 
surface was measured using imaging analysis software (Metaphorm Imaging System, Version 4.5r0). 
Then, surfaces were divided by the length to calculate the average glue line thickness. 
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Figure 1 Schematic of the location of samples cut for the scanning electron microscopy 
analysis 
 
 

6 Results and Discussion  
 
Table 4 presents average, minimum and standard error of the ultimate tensile strength (UTS) for the 
various conditions tested. The table also gives the average and standard error of basic density and MC at 
the time of the test. Figures 2 and 3 present a comparison between average UTS values and standard error 
for each condition using either, PEP or PRF adhesives. 
 
Table 4 Average and minimum values for UTS, density and MC using PEP and PRF 
adhesives at different EMC and temperature conditions 
 

PEP adhesive1 PRF adhesive1 

UTS Density MC UTS Density MC 

AVE MIN AVE AVE AVE MIN AVE AVE 
MC 

T 
(oC) 

  

(MPa) (kg/m3) (%) (MPa) (kg/m3) (%) 
29.4 427.4 11.9 30.5 459.9 10.7 -5 
(6.6)2 

18.9 
(23.7) (0.2) (4.3) 

23.1 
(32.7) (0.3) 

32.8 443.4 10.7 31.7 451.3 10.5 5 
(3.9) 

25.8 
(17.5) (1.0) (4.5) 

24.9 
(26.0) (0.5) 

33.7 442.9 11.4 31.0 460.5 11.3 12 
(6.5) 

22.8 
(20.6) (1.0) (3.4) 

24.8 
(19.8) (0.4) 

34.1 435.6 11.6 32.9 445.8 11.1 

12% 

20 
(5.2) 

26.1 
(23.1) (0.4) (4.7) 

24.2 
(14.7) (0.5) 

29.7 428.0 16.4 33.8 466.7 15.5 -5 
(4.9) 

22.7 
(33.1) (0.4) (5.1) 

24.9 
(19.8) (0.4) 

30.7 443.2 17.0 33.5 468.9 15.8 5 
(5.3) 

21.2 
(17.6) (0.7) (4.8) 

23.1 
(22.8) (0.4) 

32.5 434.9 16.6 34.8 464.5 15.5 

16% 

12 
(3.6) 

25.3 
(21.3) (0.3) (5.3) 

22.3 
(19.4) (0.3) 
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PEP adhesive1 PRF adhesive1 

UTS Density MC UTS Density MC 

AVE MIN AVE AVE AVE MIN AVE AVE 
MC 

T 
(oC) 

  

(MPa) (kg/m3) (%) (MPa) (kg/m3) (%) 
31.6 423.3 16.8 32.3 467.1 15.3 20 
(4.8) 

26.3 
(22.5) (0.4) (4.6) 

22.8 
(19.9) (0.7) 

25.1 436.0 19.8 31.9 463.4 20.0 -5 
(3.6) 

17.8 
(19.2) (1.5) (4.9) 

20.3 
(20.2) (0.7) 

28.7 442.5 21.0 31.9 455.5 20.3 5 
(4.9) 

20.5 
(23.4) (0.5) (4.4) 

24.7 
(30.4) (0.8) 

30.0 436.1 19.7 31.9 456.4 19.7 12 
(4.2) 

22.9 
(23.1) (0.6) (4.1) 

25.0 
(18.8) (0.7) 

28.2 448.7 19.9 31.8 461.2 19.3 

20% 

20 
(3.9) 

23.8 
(32.5) (1.1) (4.6) 

21.2 
(19.4) (0.7) 

20.0 419.6 31.4 21.0 438.9 31.4 -5 
(4.2) 

10.9 
(13.6) (1.4) (5.0) 

10.9 
(19.2) (2.2) 

18.6 450.0 31.2 21.6 448.5 30.9 5 
(4.6) 

9.5 
(23.9) (1.9) (3.3) 

15.7 
(21.8) (2.0) 

25.8 460.2 29.6 25.8 444.8 31.0 12 
(4.3) 

17.5 
(19.4) (1.8) (4.2) 

17.8 
(21.0) (1.9) 

22.6 456.5 32.2 24.3 438.0 31.0 

Green 

20 
(3.3) 

18.1 
(15.6) (1.7) (4.7) 

13.9 
(16.4) (1.8) 

 

1 Means of approximately twenty replicates 
2 Standard error of the mean in parenthesis 
 
 
6.1 PEP adhesive 
 
6.1.1 Moisture content (MC) 
 
Figure 2 shows an increase of UTS as MC decreases, with optimum UTS at 12% MC. While lumber at 
12% and 16% MC produced a good bond quality with PEP adhesive, finger joints made up of lumber in 
green conditions exhibited poor performance. Statistical analysis using ANOVA indicated no significant 
differences between 12% and 16% at any temperature level, however, significant differences were found 
between finger joints made up of green lumber and others made up of lumber at various MCs and at every 
temperature level. Green lumber produced insufficient penetration and lead to improper curing of the 
adhesive. 
  
6.1.2 Temperature 
 
Judging from results shown in Figure 2, it is evident that optimal temperature occurs around 12oC for PEP 
adhesive. Moreover, frozen wood (at -5oC) produced the worst finger joint performance. It should be 
mentioned that actual temperature measurements of the wood fingers, taken right after machining and 
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before the adhesive application, were much higher than the initial temperature that the wood blocks were 
initially conditioned at. It seems that as the conditioned wood blocks pass through the knives, the 
temperature of the wood surface at the fingers location rises up due to friction. Measured temperatures at 
the surface of the wood following machining were 10, 20, 30 and 45oC for the wood that was initially 
conditioned at -5, 5, 12 and 20oC, respectively. It is still questionable how much would that affect the 
adhesive penetration into the wood, as it is not known how deep the generated heat goes into the wood. 
There is an indication that the produced heat warms up the very surface fibres only. This effect is 
certainly more pronounced in finger joints made up of frozen lumber in green conditions. Higher tem-
peratures (i.e. 30 and 45oC) could contribute to precuring of the adhesive leading to insufficient 
penetration. On the other hand, low temperatures (10oC) may result in a reduction in the adhesive 
viscosity for a longer period of time, leading to an increase in the adhesive penetration into the wood. 
 
ANOVA indicated no significant differences between 5, 12 and 20oC for 12, 16 and 20% MCs (all 
moisture levels studied with the exception of finger joints made up of green lumber). Significant 
differences were found between -5oC and 5oC at 12 and 20% MCs. In green conditions, -5 and 5oC were 
not statistically different; however, they were statistically different from 12oC. Therefore, the effect of 
low temperatures on UTS is more pronounced when using green lumber rather than dried lumber. 
 
6.2 PRF Adhesive 
 
6.2.1 Moisture content 
 
As can be seen in Figure 3, using PRF adhesive, optimum UTS is achieved with finger joints made up of 
wood at 16% MC and conditioned to -5, 5 and 12oC. This provides a working envelope for the finger 
jointing industry using PRF adhesive in their efforts to optimize their operations and improve the product 
performance. Using ANOVA, significant differences were found between specimens at 16% and those at 
12% MC for -5 and 12oC temperature levels.  
 
Lower average UTS values are associated with finger joints made up of green lumber, regardless of the 
wood temperature (corresponds with findings using PEP adhesive). Significant differences were found 
between specimens made up of green lumber and those made up of lumber with various MCs, and at 
every temperature levels. Average UTS for finger joints made up of lumber at 12% was found to be pretty 
close to those made up of lumber at 20%, unlike the performance exhibited by PEP adhesive. This might 
be surprising for some, given that 12% is considered as being the target moisture content in the wood 
industry, and it has been found to be the optimum MC using PEP adhesive.  
 
Marra (1992) stated that water-borne adhesives that harden by chemical reaction could not tolerate rapid 
water loss, as would be the case if they were to be used with very dry wood. Such type of adhesives bonds 
well with wood at upper MC range (i.e. 8 ~ 12%). Moreover, Raknes (1982) indicated that low MC might 
affect bond quality. Information from PRF manufacturers indicate that (8 ~ 10%) MC is the critical lower 
limit for traditional PRF adhesive. Findings from this indicate, however, that the lower limit for the fast 
curing PRF formulation could be even higher than 10%.  
 
In order to confirm if there is a clear trend on the decrease of UTS with lower MCs, an additional set of 
finger-jointed specimens was fabricated with lumber at 8% MC and 20oC. Average UTS for the new set 
of specimens was found to be 28.1 MPa compared to 32.9 MPa for finger joints made up of lumber at 
12% MC and conditioned at the same temperature (20oC). ANOVA confirmed that significant differences 



Verification of the Key Parameters Affecting the Finger jointing Process  

 
 
 
 

 
 

12 of 20 
 

(P=0.0036) exist between specimens at 8% and 12% MC. This certainly agrees with findings from other 
researchers (Shuler 1980) on finger jointing wood with low MCs. 
 
Second order polynomial curve (Figure 4) was fitted to the data points to determine the optimum MC at 
20oC temperature (room temperature). Optimum MC, based on the regression analysis, was found to be 
around 17.2%.  
 
6.2.2 Temperature 
 
The effect of temperature on the mean UTS for finger-jointed lumber can also be seen in Figure 3. No 
considerable differences could be seen between the various groups (with the exception of specimens made 
up of green lumber). ANOVA confirmed that differences were not significant between all temperature 
levels for 12, 16 and 20% MC levels. However, temperature effect on the UTS was found to be more 
pronounced in finger joints made up of green lumber. With green conditions, -5 and 5oC were not 
statistically different, however, those were found to be statistically different from 12 and 20oC. It is 
evident that the effect of low temperatures on UTS is more substantial when finger jointing with green 
lumber than with dry lumber. 
 
6.3 Adhesives comparison 
 
Average UTS values for all finger-jointed specimens fabricated using PEP were found to be in the same 
order as for those made up of the fast curing PRF adhesive at 12% MC. Statistical analysis (ANOVA) 
was carried out to determine if significant differences exist between the two types of adhesives. Table 5 
shows all significant differences found for all conditions studied. Significant lower UTS values were 
found to be associated with PEP than with PRF adhesives for the different conditions. However, no 
significant differences were found between adhesives at 12% MC. This suggests that PEP adhesive is less 
tolerant to high MC (>16%) than PRF adhesive. It should be mentioned, however, that the actual global 
MCs measured at the time of testing was higher for PEP, thus, may explain the last observations. 
Moreover, basic densities were slightly higher for PRF than for PEP adhesive (as can be seen in Table 4). 
 
Table 5 Paired-wise comparison between adhesive types 
 

PEP adhesive  PRF adhesive Significance level 

16% -5oC PEP < 16% -5oC PRF * 
20% -5oC PEP < 20% -5oC PRF ** 
20% 5oC PEP < 20% 5oC PRF * 

20% 20oC PEP < 20% 20oC PRF * 
Green 5oC PEP < Green 5oC PRF * 

* Significant differences at 5% probability level 
** Significant differences at 1% probability level 
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Figure 2 Effect of MC and temperature effects on the UTS for PEP adhesive 
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Figure 3 Effect of MC and temperature on the UTS for PRF adhesive 
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Figure 4 Second order polynomial for 20oC temperature level 
 
 
6.4 Failure modes 
 
Failure modes for tension tests were evaluated in accordance with ASTM D-4688 (ASTM 2001b). 
Generally, wood failure was high for all finger joints tested and regardless of the condition and the type of 
adhesive used (failure modes No. 3 and 4). Such modes of failure are the most common in structural 
finger-jointed material. With PEP and PRF adhesives in green condition, 27% and 28% of the specimen 
failed in modes No. 1 and 2 (mainly glue failure along the joint profile). Fewer specimens in groups at 12, 
16 and 20% MC failed in modes No. 1 and 2, which confirms that the gluing process was adequate. No 
differences were found in the failure mode between groups with different temperatures but having the 
same MC.  
 
6.5 SEM analysis of transverse glue line section 
 
Two micrographs images are given in Figures 5 and 6 for green and dry conditions and using PEP and 
PRF adhesives. Studying the glue line penetration pattern, it is evident that the glue line profile is less 
uniform for finger joints made up of green lumber compared to those made up of dried lumber (12% 
MC). Perhaps such irregular profile contributes to a lower performance of the finger joints. Previous 
studies indicated that gluing green lumber, generally, leads to excessive adhesive mobility, followed by 
squeeze-out when pressure is applied (Vick, 1999). Such phenomenon leads ultimately to thinner glue 
lines. Moreover, wood cells are less damaged when machining green lumber leads to an increase in the 
adhesive penetration (Jokerst, 1981 and Ménard, 1993).  
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In Table 6, the depth of penetration (or glue line thickness) associated with various MCs and temperatures 
are given for specimens made up of PRF and PEP, as determined from the SEM images. Average UTS 
values are also given in the table to be able to correlate the glue line thickness to the finger joints 
performance. Generally, deeper penetrations were found to be associated with high UTS values, with the 
exception of specimens made up of green lumber. It is not clear if this is attributed to the irregularity of 
the glue line profile in green specimens, making it difficult to evaluate the exact thickness. Moreover, the 
condition 12% and 20oC produced the deepest penetration for both types of adhesives (Figure 7). The thin 
glue line and the irregular profile associated with green wood could ultimately produce stress 
concentrations that might contribute to poor performance. Generally, PEP adhesive produced deeper 
penetrations compared to PRF adhesive, as can be seen in Figure 7.  
 
It was noticed that there was occasionally more penetration on one side of the glue line compared to the 
other when gluing green lumber. In Figure 6, there is less penetration in the upper side than from the 
lower side. This could be due to the variation of MC between the different groups made up of green 
lumber. In green groups, MCs ranged from 29% to 35%. Wood at high MC inhibits adhesive penetration 
at the time of pressing. 
 
 
 

 
                                       a)                        b) 
Figure 5 SEM image of finger joint glue line (Green and 20oC): 
a) Original glue line profile, and  
b) Glue line profile painted in Paintshop software 
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            a)                          b) 

 
Figure 6 SEM image of finger joint glue line (12% and 20oC): 
a) Original glue line profile, and  
b) Glue line profile painted in Paintshop software 
 
 
 
Table 6 Depth of glue penetration and UTS values for various MC and temperature 
conditions (based on SEM images) 
 

PEP adhesive PRF adhesive 

MC 
Temperature 

(oC) 
Depth of 

penetration1 
(um) 

UTS 

(MPa) 

Depth of 
penetration1 

(um) 

UTS 

(MPa) 

      
-5 86.3 29.4 55.2 30.5 

12 % 
20 107.7 34.1 77.1 32.9 

      

-5 X X 75.0 33.8 
16 % 

20 X X 53.1 32.3 
      

-5 93.0 20.0 59.3 21.0 
Green 

20 83.9 22.6 56.1 24.3 
1 Mean of five replicates 
 
 



Verification of the Key Parameters Affecting the Finger jointing Process  

 
 
 
 

 
 

17 of 20 
 

0

20

40

60

80

100

120

PEP PRFAdhesive

D
ep

th
 o

f p
en

et
ra

tio
n 

(u
m

)

12% -5oC 12% 20oC 30% -5oC 30% 20oC
 

 
Figure 7 Mean depth of glue penetration values for PEP and PRF adhesives 

 
 
6.6 Curing Time 
 
Curing time tests showed that PRF adhesive meets the process requirement specified in SPS-1 (NLGA 
2002a). UTS values for all specimens tested in tension were above the minimum required by SPS-1, for 
Grade No. 2 (6.83 MPa) after 30 minutes of curing at room temperature. However, PEP adhesive did not 
meet the process requirement after 30 minutes of curing time (with a minimum individual value of 3.6 
MPa). Thus, only PRF adhesive can be used without heating in an operating mill at production line 
speeds. When UX-100 PEP adhesive is used, additional heating must be applied to meet requirements 
after 30 minutes of curing unless boards are given enough time to cure at the mill temperature. A newly 
developed PEP adhesive, called UX-200 from Ashland, is supposed to have a short setting time compared 
to UX-100 PEP. There is a need to asses the new adhesive in comparison with the new PRF formulation. 
 
 

7 Conclusions 
MC of finger-jointed black spruce lumber has more influence on the UTS than temperature for the range 
of conditions and the type of adhesives studied (PRF and PEP). Effect of temperature was found to be 
more pronounced in lumber under green conditions than in dried lumber using either type of adhesives. 
Findings from this study has indicated that the optimum operating conditions for PEP adhesive were 12% 
and 16% MC and 12 oC and 20oC. This was supported by scanning electron micrograph analysis of finger 
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joint glue line, which showed that the condition 12% MC and 20oC produced the deepest penetration for 
both types of adhesives. On the other hand, optimum MC of lumber using PRF adhesive was found to be 
16%. PEP adhesive, in general, produces globally deeper penetration than PRF, however, PRF adhesive 
performed better at high MC. Moreover, all finger-jointed specimens fabricated at various conditions, 
including those made up of green lumber, largely met the tensile strength requirements of the Canadian 
National Lumber Grades Authority (NLGA) SPS 1-2002 for structural lumber after 24 hours of curing.  
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Finger jointing process and testing 
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Figure II-1 Defecting of lumber 
 
 

 
 
Figure II-2 Wood blocks stored in a conditioning chamber before processing 
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Figure II-3 Temperature conditioning of wood blocks in a freezer prior to machining  
 
 

 
 
Figure II-4 Machining of the finger joints 
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Figure II-5 Weighing of wooden blocks for glue application 
 
 
 

 
 
Figure II-6 PEP adhesive application using Ashland glue gun and cartridges 
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Figure II-7 Finger-jointed lumber boards at 8.0 ft long produced by the finger jointer 
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Figure II-8 Testing of finger-jointed lumber using MTS Metriguard testing machine  
 

 

 
 

Figure II-9 Typical failure modes of finger-jointed lumber tested in tension 
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