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Characterization of Adhesive 
Strength of Phosphate Coatings 
in Cold IVIetal Forming 
A test method is proposed to characterize adhesive strength of phosphate coatings 
based on the various deformation patterns at the tool-workpiece interface. The defor
mation patterns were induced by tools of different surface geometrical profiles, i.e., 
flat surface, sinusoidal surface, saw-tooth surface and multi-surface profiles, in a 
localized rod drawing technique. With change in the tool geometry, three deformation 
regimes were observed, i.e., full film lubrication regime, mixed regime, and seizure 
regimes, which were categorized by the level of friction coefficient attained, and the 
degree of galling observed on the surface of the drawn specimens. The full film 
lubrication regimes were noticed when flat dies were used. In this case, the friction 
coefficient was maintained at nearly p, = 0.065, irrespective of the change in the 
surface roughness of the tools and reduction. With sinusoidal surface and other non-
flat dies, mixed regime and seizure regimes were observed, and the friction coefficient 
varied from p = 0.1 to 0.3. To complement the friction data, surface analysis of the 
tool-workpiece interface was also conducted. The frictional range of jj, = 0.065 to 
0.3 obtained in this study, therefore, provides for a manageable characterization of 
phosphate coatings for cold metal forming of objects with intricate shapes. 

1 Introduction 

At the present time, the main lubricant used in many cold-
forming processes is zinc phosphate, chemically combined with 
metal soap. The phosphate coatings on the parent metal surface 
act as an adhesion substrate for the lubricants. They also serve 
the purpose of separating, the tool from the workpiece. 

The conventional method of rating phosphate coatings for 
cold-forming processes consists of the measurement of coating 
thickness, coating weight, and the microscopic observation of 
crystal shapes. These are, however, not sufficient to predict 
success in the forming operation. An important criterion for 
deformation is the adherence of the phosphate coating to the 
metal substrate (Oei, 1987; Bricout et al., 1995). 

The severity of deformation patterns induced at the tool-
workpiece interface varies from one process to another. These 
variations are much dependent on the nature of the product 
being formed. It is definite that the degree of severity of defor
mation will increase with an increase in the complexity of the 
product. Under any condition, however, in order to produce a 
high quality part, the phosphate coating must not lose its adher
ence to the metal substrate. 

A number of test methods/procedures for general appraisal 
and characterization of phosphate coatings for use in cold form
ing have been developed. Among others, these include a method 
developed by Oei, (1987) which was based on ring extrusion 
principles. In this method, the extruded ring is cut into small 
equal rings, which are then dissolved to measure the gross 
weight of the coating. The difference in the coating weight 
measure reveals the coating adhesion behavior. 

Based on extrusion principles, Wagener and Wolf (1994) 
developed a test method. In this method however, the entire 
contact zone is subdivided into three parts, namely, Upper Cy
lindrical Zone, Die Land and the Conical Forming Zone. This 
method enhances the partial coefficients of friction which are 
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defined for the different frictional conditions of the various 
zones. 

Picart et al. (1995) have recently developed an upsetting-
sliding test. In this test an indenter slides along a specimen with 
a given penetration, creating a local plastic zone at the indenter. 
To aid in the characterization of phosphate/stearate coating, 
Bricout et al. (1995) have also developed a friction seizure test 
method. This test consists of a rotating cylindrical specimen on 
which a semicylindrical slider exerts localized pressure. As both 
the specimen and the slider are insulated, contact resistance can 
be measured and later correlated with the tribological changes 
at the interface. 

Other general methods for appraising the workability of coat
ings include a compression-twist test based on simple upsetting 
and subsequent rotation of the circular cylindrical specimens 
against a plane, overhanging tool (Bay and Christophersen 
1987). The above method is only suitable for moderate surface 
expansion; Bay et al. (1995) later developed a new test to 
incorporate larger surface enlargement. This method is based on 
a principle of backward can extrusion and subsequent rotation of 
the punch with respect to the workpiece and the dies under 
constant load. 

Most of the test methods mentioned above have incorporated 
the basic variables relating to process parameters, like interface 
pressure, sliding velocity, and surface expansion. Incorporated 
are also lubricant parameters such as amount and composition. 
Tool/workpiece parameters, like tool and workpiece geome
tries, have not been fully incorporated in the test methods hith
erto developed. In cold metal forming, the material flow is 
highly dependent on the configurational structure of the tool. 
Therefore, a proper adhesive strength of the coatings will be 
influenced by the nature of the material flow at the interface. 

Of prime importance are simulation test methods with tools 
modeled such that deformation patterns similar to those oc
curring in real production systems are induced. Of particular 
importance are the characterization of phosphate/stearate coat
ings for cold forming of complex parts with close tolerances. 
Parts of this nature are splines, synchronizer hubs, pinions, fine 
gear teeth, and other complex shaped teeth which are normally 
used in power transmission systems. A major point of concern 
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Fig. 1 Experimental setup 

accompanying the production of the previously mentioned parts 
is the requirement for special materials. These materials are 
usually difficult to forge due to high tooling load and as a result 
of limited filling of the teeth. These situations need a proper 
and firm adherence of coatings on slugs in order to sustain the 
severe conditions at the forming zone. 

It is the aim of this paper to introduce a test method for the 
characterization of the adhesive strength of phosphate/stearate 
coatings where an in-depth consideration of the tool geometrical 
parameters has been incorporated. 

2 Methodology 
The tests were modeled to accommodate tools of various 

geometrical nature. Conventional tests to date normally model 
flat tools. A localized rod-drawing simulation test method was 
adopted in this study because of its possibility to explore vari
ables such as sliding length, normal pressure, surface expansion, 
temperature, and tool/workpiece geometrical variables. The 
above test allows monitoring of the deformation at the tool 
workpiece interface and the use of strain gauges allows model
ing of the drawing and die closing forces. 

2.1 Experimental Setup. Drawing forces were supplied 
by a 250kN autograph machine on which a test stand was 
attached (Fig. 1). Die closing forces were supplied by a hydrau
lic pump coupled to the experimental equipment. The pump 
had the capacity to supply a maximum force of about 160kN. 
The drawing force Pd is equal to 2Pv and the die closing force 
Pc is determined from the following expressions. 

Pv = -0.0123ei + 0.0426e2 + 0.0455063 

Pc = 0.0347ei + 0.04630e2 - 0.00270e3 

where e,, 62, £3 are output strains in mV from the load cell. 
These expressions were obtained after conducting load calibra
tion of the load cell. The load cell (Fig. 1) was designed such 
that Pc and Pv are linear function of strains ci, €2, £3 as shown 
below. 

ai£i + a2e2 + flaCa = Pc 

0462 + cisii + a(,e-i = Pv 

(1) 

(2) 

To determine the values for the constant ai, a^, a^, a^, as and 
Oe, Eqs. (1) and (2) were rearranged to form a function / a n d 
this function was minimized as shown below. 

/ = X («iei + «2£2 + flsea - Pc)^ 

+ X («4ei + ase2 + a^e^ - Pv)^ 
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Table 1 Summary of phosphating and soaping treatment 

1 Acid pickling, 35% volume solution of pure hydrochloric acid, 
10 min 

2 Water rinsing, 5 min 
3 Phosphating, zinc phosphating bath, 70°C, 15 min 
4 Water rinsing, 5 min 
5 Soaping, 2% mass solution of sodium stearate, 70°C, 15 min 

df d 
TT" = 7— { £ («iei + «2e2 + 3̂63 - Pc)^ 
oat oUi 

+ X («4ei + a^ei + a^e^ - Pvf] = 0 a,- = 1, . . . , 6 

Calibration loads for Pc and Pv and their corresponding output 
strains were substituted in the above equations to solve for the 
constants. From Pv and Pc, the coefficient of friction assuming 
Amontons law was determined, /n = TAN {ARCTAN (Pv/Pc) 
-9] where 6 is the half die angle. 

2.2 Test Procedures. In order to induce deformation pat
terns of various intensities at the tool workpiece interface, dies 
of different geometrical configurations were made. These sec
tion geometries were perpendicular to the main flow direction 
and categorized into the following four groups according to 
their surface profiles: Flat Surface, Sinusoidal Surface, Multi-
Surface and Saw-Tooth Shaped Surface (Fig. 2). All the dies 
were made from tool steel (JIS-SKD 11) hardened to 700 Hv. 
In order to study the influence of the surface texture of the dies 
on adhesion strength of coatings, die surface treatments were 
categorized in three sets, i.e., lapped, ground and sandpapered 
surfaces. The die surfaces which were lapped acquired a surface 
roughness of 1 /um Rz. The ground and sandpapered surfaces 
acquired surface roughnesses of 2 /itm Rz and 3.5 yum Rz respec
tively. The specimens used were made from low carbon steel 
(JIS-SIOC) with a flow stress of a = 735e°°*^ N/mm^ 

Phosphating and soaping treatment were done using a con
ventional method, as indicated in Table 1. Zinc phosphate coat
ings were chemically bonded to the steel surface and partially 
transformed to zinc stearate by reaction with a soap bath solu
tion of sodium stearate in water. The result was a compound 
lubricant consisting of zinc phosphate, zinc soap and uncon
verted sodium soap. A film weight of the order of 30 g/m^ 
(approx. 15 //m film thickness) was produced. The major reac
tion mechanisms were; 

Pickling reaction 

Fe + 2H3PO4 Fe'-' + 2H2PO4 + H2 

Phosphating 

3Zn^+ + 2H2PO4 Zn3(P04)2 + 4H + 

(c) Multi-Surface (d) Saw-tooth Surface 

Fig. 2 Die geometries (surface patterns) 
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Table 2 

Mean surface 
percentage 
A,*100 

expansion in 
(%) (A, - A„)/ 

Apparent contact area (mm'*) 
Mean contact pressure (MPa) 

Wl 

45 
80 

1370 

W2 

32 
74 

1400 

W3 

35 
86 

1130 

W4 

30 
84 

1130 

W5 

54 
87 

1260 

W6 

70 
90 

1270 

Key: Ao-Specimen surface are before drawing. Ai-Specimen surface 
area after, drawing. Wl, W2, W3, W4, W5 & W6-Dies used in the 
experiment. The geometrical parameters are given in Fig. 2. 

Oxidation 

Soaping 

Zn3(P04)2 

Fe^ Fe^ 

6CH3(CH2),COONa 

3[CH3(CH2),COO]2Zn + 2Na3P04 

The experiments were conducted at a room temp of about 21°C 
and the drawing speed was set to 50 mm/min. The temperature 
rise at the forming zone could be monitored and recorded by a 
thermal video camera which had also the facility to preserve 
the image for future reference. Specimens were drawn to a 
length of about 500 mm. To study galling and tool wear behav
ior, the weight and surface roughness of the dies before and 
after the experiment were measured. The apparent contact area 
and the mean surface expansion after drawing for each set of 
dies were also determined (Table 2 ) . 

In order to study the effect of continuously changing the 
specimens with the same set of dies, six specimens were drawn 
in a continuous manner for several types of dies. This made the 
total stroke to be 500 X 6 = 3000 mm. It was thought that 
doing this would closely approximate the forging process, where 
the final condition of the dies after forging one piece becomes 
the initial condition for the subsequent piece to be forged. Here 
the condition would include variables such as die surface 
roughness, temperature, and the elastic deformation state of the 
dies. The effect of change on the condition of the tool-workpiece 
interface when a subsequent specimen is fitted could also be 
studied. 

3 Experimental Results 

3.1 The Influence of Deformation Patterns Induced by 
Flat Die on Adhesive Strength of Phosphate Coatings. 
Three sets of flat dies were used in the experiment. The surface 
roughnesses for these dies were 1 /Ltm Rz, 2 fj,m Rz and 3.5 
fxm Rz respectively. Although it can be seen that their surface 
roughnesses varied, there was almost no change in the coeffi
cient of friction when phosphate coated specimens were drawn 
for a reduction range of 4% to 12%. The coefficient of friction 
was roughly maintained at 0.065 for all the cases (Fig. 3 ) . After 
the experiment, the dies and the drawn pieces were examined 
by microscopy. The drawn workpieces had smooth surfaces and 
the changes in weight of the dies were considerably small, of 
the order of 1 mg. This implied low probability of galling. 

3.2 The Influence of Deformation Patterns Induced by 
Sinusoidal Surface Dies on Adhesive Strength of Phosphate 
Coatings. Two sets of sinusoidal surface dies W l and W2 
(Fig. 2 ) , with different pitches, depths, and ridge curvatures 
were used in the drawing experiment. All the dies had the same 
surface roughness of about 1.5 /xm Rz before the experiment. 
Due to the differences in the pitches, root depth and ridge curva
tures, the mean surface expansion after drawing was different 
for all the dies, as shown in Table 2. The results for the experi
ment were plotted as the change in the coefficient of friction 
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Fig. 3 Influence of flat dies on Interface friction 

versus the stroke (Fig. 4 ) . To compare the influence of flat dies 
with that of sinusoidal surface dies, flat dies were subjected to 
similar experimental conditions (Fig. 4 ) . It can be observed 
that for the flat dies the coefficient of friction is about 0.065. 
But for sinusoidal surface dies the coefficient of friction goes 
beyond 0.3. It can also be observed that, while the frictional 
profile for flat dies is smooth, the frictional profiles for the 
sinusoidal surface dies form an oscillating pattern (z igzag) . 

3.3 The Influence of Deformation Patterns, Induced by 
Multi-Surface and Saw-Tooth Dies, on Adhesive Strength 
of Phosphate Coatings. Multi-surface dies (Fig. 2 W3, W4, 
W5, W 6 ) with different pitches, depths, and ridge curvatures 
were also subjected into similar experimental conditions as that 
described in the above section. The results for the experiment 
are shown in Fig. 5. It can be observed that after 500 mm stroke, 
the coefficient of friction for W6 was about 0.16. But when a 
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Fig. 4 Influence of sinusoidal surface dies on Interface friction 
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Specimen material; JiS-SiOC, coated with zinc phosphate + metal soap 
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Fig. 5 Influence of multi-surface dies on interface friction 

second specimen was fitted, the coefficient of friction increased 
rapidly up to 0.3 and the specimen failed. A third specimen 
was later fitted, but soon the experiment had to be stopped due 
the rapid increase in the coefficient of friction, which for this 
case was about 0.25 at 1200 mm-stroke. As can be seen on the 
graph, up to 500 mm stroke the coefficient of friction for W6 
was the highest, followed by W5, W3, and W4 in a descending 
order. But after 500 mm-stroke, the coefficient of friction for 
W4 occasionally surpassed that of W3 and W5. From Table 2 
it can be shown that the coefficient of friction increases with 
an increase in the mean surface expansion up to 500 mm-stroke. 

3.4 Micrographs. Figure 6 shows scanning electron mi
crographs (SEM) of phosphate/stearate coatings before and 
after the drawing tests. In Fig. 6(a) a final structure of zinc 
phosphate stearate ready for testing is shown. Figure 6(b) 
shows the surface texture of a specimen drawn using flat dies. 
White and black spots are observed in this micrograph. By 
comparing this structure with the one shown in Fig. 6(a), these 
white and black spots appear to have evenly spread along the 
surface. This implies that the surface was under full film lubrica
tion regime. Figure 6(c and d) shows the surface texture of a 
specimen drawn using non-flat dies (refer to die profiles in Fig. 
2-W6). The micrograph shown in Fig. 6(c) was taken at a crest 
region of a contour surface formed on the specimen by non-flat 
die, while that shown in Fig. 6(d) was taken at a root region. 
Though these micrographs were taken at very close regions, the 
one taken at the crest displays a mixed lubrication regime while 
the one taken at the root shows bare substrate metal surface 
and a number of cracks. This implies that the surface was under 
the seizure regime. 

4 Discussion 

The friction coefficient of 0.065 (Fig. 3), obtained under 
deformation patterns induced by flat dies, indicates that the 
bond for the coating is still effective. The frictional value ob
tained here conforms with the work of Wagener and Wolf 
(1994), who obtained frictional values ranging from 0.04 to 
0.06. This also conforms with that of Hansen and Bay (1986), 
who got values ranging from 0.038 to 0.043 in the normal 
pressure range of 1.0 (2k) to 2.2 (2k), where /c is a shear yield 
stress. In this study, however, it is observed that the use of flat 
dies does not subject the phosphate coating to severe conditions 
and thus frictional values remain low (Saiki et al. 1995). This 
can also be due to fairly uniform pressure distribution at the 
tool-workpiece interface and that under the given die surface 
roughness, the coating is still effective as can be seen on the 
micrograph shown in Fig. 6(b). There are no cracks observed 
in this micrograph. This implies that the lubricant film was not 
yet broken down. 

With sinusoidal surface dies, however, the frictional profile 
changed not only with the change in geometry but also with 
the change of specimens, i.e., at 500 mm-stroke, 1000 mm-
stroke, 1500 mm-stroke, 2000 mm-stroke, and 2500 mm-stroke 
(Fig. 4) . The gradual/rapid increase in the coefficient of friction 
suggests that the deformation at the interface is gradually being 
transformed from mixed lubrication regime to seizure regime. 
This gives the threshold value for the lubricant film to break 
down for that particular deformation. The same is observed with 
multi-surface dies, where the friction profiles changed with die 
geometry. In this case, die W4 had the lowest mean coefficient 
of friction, while die W6 had the highest (Fig. 5). Though the 
mean surface expansion for all specimens drawn were quite low 
(Table 2) , the frictional values changed significantly. 

Unlike the micrographs shown in Fig. 6(b), the micrographs 
in Fig. 6(c) and (d) show how the rate of lubricant film break
down differs with different deformation modes. The difference 
in the lubrication regimes shown in Figs. 6(c) and (d) suggests 
that the spread of lubricant along the entire surface was not 
uniform. This might be attributed to local surface expansion 
induced at the interface. The nature of deformation also suggests 
that the pressure distribution varied from one region to another, 
with the highest exerted at the root of the contour formed on 
the specimen. In this case, the dimensions of the contour are a 
function of the geometry of the die used (Fig. 2) . 

It is thought that the decrease in the contour radii of the dies 
results in the increase of local surface expansion. This is be-

Fig. 6 SEIVI photographs of phospliate/stearate coated specimens be
fore and after experiment. Fig. 6(a) before experiment, Fig. 6(6) after 
exp.—with fiat dies and Fig. 6(c) and (d) after exp.—with non-fiat dies 
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cause, when the tool starts to enter a specimen, the gross contact 
area is small, causing a fast flow of metal away from the contact 
region. The smaller the tool radius the faster the material flow, 
thus inducing high surface expansion at the region. This in turn 
causes speed-up of the lubricant break-down and pick-up of the 
workpiece material on the tool surface. Since the specimen is 
not homogeneous, but is a polycrystaline body, due to deforma
tion it develops asperities related to the grain size and the state 
of stress. Therefore, once the lubricant film breaks down, the 
die surface asperities have a high probability to influence gall
ing. The rapid increase in the friction coefficient for W6 (Fig. 
5) with a die contour radii of 0.3 supports this. 

5 Conclusion 
Even though an appropriate/close frictional model for the 

tools employed in this study is yet to be established, we would 
like to conclude the following; 

(i) Proper adhesive strength of coatings for cold forming 
depends, not only on the gross surface expansion and 
pressure, but also on the nature of the deformation 
patterns and the local surface expansion induced at the 
interface, 

(ii) When laboratory data are to be used in forging of 
complex shapes with close tolerances, the coating 
bonding strength should be characterized using dies 
whose surface closely approximates that of the part to 
be produced, 

(iii) The frictional range of /x = 0.065 to 0.3, obtained 
by using sinusoidal surface, flat, saw-tooth and multi-
surface tools in the tribo-test introduced here, provides 

for a manageable characterization of coatings in cold 
forming of objects with intricate shapes. 
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