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INTRODUCTION 

The hardness of a metal refers to its abiUty to resist permanent or plastic deformation by 
a penetrator and it is determined by measuring the amount of permanent deformation produced 
by a fixed force acting on the penetrator (usually a hard metallic ball or a specially shaped 
diamond indenter). The resistance of the metal to deformation is principally a function of its 
yield strength (ref 1), its modulus of elasticity, and its strain-hardening characteristics (ref 2). 

Hardness tests are useful in process quality control and they are simple and inexpensive 
to perform. Hardness testers rely on the slow application of a fixed force onto an indenter that 
is forced into the smooth surface of the specimen. After the force is removed, either the area or 
the depth of the penetration is measured. This measurement is an indication of the resistance to 
the force. The area or the depth of the penetration is converted into a number called the 
hardness number. The hardness number for different tests is not universal; a Rockwell-C 
hardness number for instance does not equal a Brinell hardness number for the same material, 
however, conversions exist between the two. The methodology, scales, and conversions are 
empirical. 

The residual stress in a metal refers to a system of stresses that can exist in a body when 
it is free from external forces. This system must be in static equilibrium, and therefore the total 
force acting on any plane must be zero. The maximum value a residual stress can reach is the 
yield stress of the material under actual three-dimensional stress conditions. 

Residual stresses in a material can be beneficial or harmful because they affect its ability 
to sustain loads, since a compressive residual stress effectively subtracts from the applied tensile 
stress and a tensile residual stress adds to an applied tensile stress. This means that if a tensile 
stress is applied to a material under compressive residual stress, the tensile stress needed to 
cause yielding or crack propagation in .ne material will have to be increased. This effectively 
"strengthens" the material and improves its fatigue limit. 

BACKGROUND AND THEORY 

The three common types of hardness tests are the Brinell, Rockwell, and Vickers 
hardness tests. 

The Brinell hardness test (See Figure 1) (ref 3) rehes on an applied load of 3000 kg 
acting on a 10-mm hardened steel or carbide ball. After the load is removed, the diameter of 
the impression made by the ball is measured using a microscope. The Brinell hardness number 
(BHN) is equal to the applied load divided by the actual area of the impression. Usually the 
BHN is read directly from a table listing different values of the impression diameter for various 
applied loads (ref 3). 

The Rockwell tests depend on the measurement of the differential depth of the 
permanent deformation caused by application and removal of differential loads on a diamond 
Brale indenter. The standard Rockwell tests use a 10-kg load (the minor load) to seat the 
penetrator firmly in the surface of the specimen. After the application of the minor load, the 



depth gauge is zeroed and a larger load (the major load) is applied and then removed. With the 
minor load still acting, the depth of permanent penetration is measured (see Figure 2) (ref 4). 
The gauge that measures the depth of penetration is calibrated to read in hardness numbers 
rather than indentation distance. The standard Rockwell testers use different indenter types and 
sizes, and also different major loads, therefore a letter has been assigned to each combination of 
major load and indenter (ref 4). 

The Vickers hardness test uses a diamond ground in the shape of an inverted square- 
based pyramid as a penetrator. A load is applied to the penetrator and the diagonal of the 
impression made by the indenter is measured by means of a microscope (see Figure 3) (ref 5). 
The length of the diagonal is converted into a hardness number that is computed by dividing the 
load by the area of contact. This hardness test is considered a microhardness tester (ref 5). 

Residual stresses in many realistic situations are difficult to calculate with any precision 
by analytical methods, so experimental techniques are usually employed. There are four common 
methods used to measure residual stress: hole drilling, X-ray diffraction, ultrasonic velocity, and 
Barkhauscn noise analysis (see Table 1). 

Since most residual stress problems of practical interest arise in components too large to 
be moved, there is a need for some residual stress measurement instruments to be portable (ref 
6) and give quick and accurate measurements. Each of the methods listed in Table 1 involve 
detailed techniques and require specific conditions. The residual stress in a test piece with 
parallel flat surfaces in general can be obtained, but many components to be tested are 
cumbersome to move. Therefore, an easy-to-use and universal technique would be welcome. 
Some experimental data has been obtained showing that hardness data is sensitive to applied or 
residual stresses (refs 1,9-12). By considering the addition of the compressive force generated by 
the application of the indenter during the hardness test, the effect of residual stress on hardness 
has been modelled using the von Mises-Hencky criterion (ref 1). For example, if the material 
tested has a tensile residual stress, yielding would be promoted by the indentation during the 
hardness test and the apparent hardness of the material would decrease. The reverse would be 
true if the material tested had a compressive residual stress. 

The model was used to find the relationship between the Rockwell-C hardness and the 
hoop residual stress in three right circular cylinders (see Figure 4) (ref 1) that had been 
autofrettaged to induce residual stresses. The Rockwell-C hardness test utilizes the depth of 
indentation under a constant load (150 kg) as a measure of hardness. Each of the common 
hardness tests-Brinell, Vickers, and Rockwell-are all related to each other, either by means of 
empirically obtained reference tables or by equations relating the geometrical characteristics of 
the indentation. The following experiments were conducted to determine the effect of the 
residual stress on the measured hardness as the applied load and indenter type are varied. 



V. 

o 

V 

e 
E 

s 
83 

(A 

« 

; Op^:::::^;■ Po
or

 t
o 

ex
ce

lle
nt

 

c c 
— 
u 

C/5 
O 

C
os

t 
R

el
at

iv
e o 

o T-H 
o 

d 

c 
V 

1—t 

d 
V 

■.O ■ ,: 

;:v'a 

1 
u 

OS 

E 
E 

I 

E 
E 
o 

A 

"E 
E 

V 

E 
E 

>o 
A 

E 
E 
c 

A 

St
re

ss
 

D
ir

ec
tio

n 

o 
>- 

O 
>• 

o 
>- 

tA V. 
O 

B
ul

k 
St

re
ss

 

i t ^ 

1: ■ 
c 
0 

c 
c 
O 

■a r- 
o 
O 1 O 

o 

4>, ■; 
■■■>:■ 

' -^^  ' 
■Ifi 

.;<a 
•••■•a. 
..c ■ ■. 

1 is 

(1. 

8 
3 

on 

o 
i- 
3 

C/3 

P    3   <= ^ 

1/;    C    o   £ 
T3 

O 

o 

1 
4—1 o 

1 
1 

X 

'E 
o 

'5 
c 
c 

3 

x: 

oc 

c 

3 

c u 

X) 

N 

3 
O 
U 
o 

c u 
E 

. o c 
X 

c o 

3 o o « 
■a 
c 
C3 

X) 

•a 
or 

•o 
o 

■4-» 

E 



EXPERIMENTAL PROCEDURE 

The samples used for this experiment were hollow right circular cylinders from an 
autofrettaged 4340 steel gun tube (see Figure 4) (ref 1). The samples were approximately 150 
mm at the inside diameter (ID), 300 mm at the outside diameter (OD), and 50 mm thick. 
Autofrettage is a process in which an oversized mandril is pushed through a gun tube causing 
plastic deformation inside the tube and expanding the bore. As the bore expands, the OD is 
placed in tension. Since the deformation at the bore is permanent or plastic, the tension at the 
outside as well as the compression at the bore are permanent, thereby increasing the resistance 
of the system to crack growth from the ID. The flat faces of the cylinder were ground smooth 
and parallel to give proper surface conditions for hardness and ultrasonic measurements. 

First the residual stress in the hoop direction was measured using a technique that utilizes 
ultrasonic velocity measurements. A 5-MHz shear transducer with a high viscosity liquid bond 
was placed on a flat face of the sample. Shear wave velocity measurements were made starting 
from the OD of the cylinder and moving toward the inside at 3-mm increments. The change in 
velocity (Av) was measured by observing the change in return time on an oscilloscope screen. 
This change in wave return time was used to calculate the residual stress of the sample. The 
change in wave velocity' is related to the residual stress by Av/v = ka, where k is the stress- 
acoustic constant for the steel and a is the residual stress (refs 1,8). 

The next procedure was to measure the hardness of the cylinder using a variety of 
hardness tests: 

The first test used a Microdur® I portable hardness tester (see Figure 5) (ref 7) 
manufactured by the Krautkramer Company (GMBH) Hurth, Germany. This is a Vickers low 
load hardness tester with indentation evaluation according to the Ultrasonic Contact Impedance 
(UCI) method. The Microdur® I uses a Vickers diamond that is excited to a point of oscillation 
by a piezo-electric converter. Since unimpeded oscillations have a certain frequency that change 
as the diamond penetrates the test materials, the size of the indentation and therefore the 
change in frequency increases in relation to the decrease in material hardness. The indenter 
used was a diamond pyramid according to Vickers with a roof angle of 136 degrees and the 
testing load was 7.7 N or 0.785 kg (ref 7). This test load was applied to the diamond tip by a 
small motor that drives the rod into the active or non-active position. Using the Microdur® I 
along with a specially fabricated clamp to ensure that the sample surface was perpendicular to 
the tester, hardness measurements were taken ever)' 3 mm in a radial direction across the sample 
cylinder. The hardness measurements obtained were taken and the average of these five lines 
were accepted as the true hardness of that particular region. 

The second test was the Microdur® II portable hardness tester (see Figure 6) (ref 7). 
The indenter used was a diamond pyramid according to Vickers with a roof angle of 136 degrees 
and the testing load was 49.05 N or 5.0 kg (ref 7). The hardness of the sample was measured by 
using the Microdur® II portable hardness tester in the following operation: The indenter is 
pressed against the sample surface, compressing an internal spring, thus increasing the load 
applied to the diamond tip. Upon reaching the required testing load of precisely 5.0 kg, the 
indentation is evaluated (ref 7). The hardness is displayed in values of Rockwell-C hardness 
numbers. This probe was also fitted with a clamp to ensure that the tester was always 



perpendicular to the surface of the sample. The procedure for actually measuring the hardness 
of the sample was the same as that described for the Microdur® I portable hardness tester, 
except here only four lines were measured. 

Third, the Rockwell hardness test was performed. Using a standard Rockwell hardness 
tester (see Figure 7) (ref 4), the hardness of the sample was measured using three different 
major loads, 60, 100, and 150 kg, with a diamond Brale indenter. The Rockwell-C (Re) scale 
was used when a major load of 150 kg was applied, the Rockwell-D (R^) scale was used for the 
100-kg load, and the Rockwell-A (RJ scale was used for the 60-kg load. Hardness 
measurements of the sample were made as a function of radial position starting at the OD of the 
cyhnder and moving toward the center at 3 mm increments. Three lines of hardness 
measurements were made and averaged for Rockwell-C, D, and A. In each case calibration 
procedures were followed according to ASTM specification and instrument manufacturer's 
suggestion, i.e., the hardness readings were checked against test blocks supplied with the 
instrument. 

RESULTS 

The residual stress measured by ultrasonic techniques was plotted as a function of R as 
shown in Figure 8. We use the abscissa, R, as the measured position of interest (X) minus the 
ID divided by the OD minus the ID (R = [X - ID] / [OD - ID]). It is seen that the hoop 
residual stress is compressive at the ID and becomes more tensile as the distance from the ID is 
increased. In Figure 9 the Re hardness data of one cylinder is plotted as a function of R. The 
actual hardness readings, as well as the calculated average of the four hardness readings, are 
plotted. As can be seen, as R increases from 0 to 1, the hardness decreases. This corresponds to 
the fact that as R increases from 0 to 1 in Figure 8, the residual stress changes from compressive 
to tensile. The model proposed in 1 predicts that as the residual stress changes from 
compressive to tensile, the hardness of the sample should decrease. The relationship 
corresponds to the definition of hardness: the hardness of a metal is its ability to resist 
permanent or plastic deformation from an indenter (ref 2). When the sample has a compressive 
residual stress, the hardness should be higher than when it has a tensile residual stress, because 
compressive residual stress requires a higher compressive stress (provided by the indenter) to 
cause yielding or plastic deformation to deform the metal as occurs in hardness measurements. 

In Figure 10 the experimental Re hardness data of the cylinder is plotted as a function of 
R. The curve fit in the plot is the calculated Re hardness from residual stress using the model 
(refl). 

In Figures 11 and 12, the Re hardness measured using the Microdur® I and II portable 
hardness testers is plotted as a function of R. These hardness testers use a Vickers diamond 
indenter to measure the hardness and the values are converted to Re. As seen in Figure 11, the 
hardness readings obtained using this method are fairly uniform (invariant) along the radius of 
the sample; the average hardness is 47.2 ± 1.1 Re. As seen from the standard deviation of the 
data, there is quite a wide variation from the average using this method. Using the standard Re 
hardness tester, the measured hardness varied from 43 ± 0.33 Re at the OD to 38 ± 0.33 Re at 
the ID. Therefore, it can be concluded that the hardness measured using the Microdur® I did 



not correspond to the true hardness of the sample. Since the Microdur® I measures the 
microhardness, the values obtained are strongly dependent on the surface finish of the sample, 
grain orientation, dislocation density, and/or surface hardening due to sample preparation. All 
these are largely uncontrolled variables. Although these effects should be expected in tests with 
both indenters, it seems that due to the higher load and larger indenter in the Re test, the effect 
of residual stress on plastic deformation here outweighed the effects that could not be controlled 
in the experiment. TTiese uncontrolled effects in the Microdur® test cause the larger scatter in 
the hardness values. 

In Figure 12, the average hardness of the data is 45.8 ± 0.91 R^. The scatter in Figures 
11 and 12 is much greater than in Figure 9. Since the Microdur® portable hardness testers 
measure microhardness, which is very dependent on surface finish, the reason for this scatter is 
most likely the surface finish. The surface of the sample was ground smooth enough for 
ultrasonic measurements to be taken. However, a surface roughness (RJ of the sample was not 
smooth enough (R^ < 0.25 jim) to obtain accurate results using these portable hardness testers. 
A problem with these testers in evaluating residual stress is that the applied load for the 
Microdur® I and II is 0.785 kg and 5.0 kg, respectively. Since the accuracy of the microhardness 
of a material is very dependent on the applied load, one would expect that as the applied load is 
increased, as is the case when using the Microdur® II as opposed to the Microdur® I, the 
accuracy of the measurements should increase. The accuracy of both Microdur® portable 
hardness testers was about the same. Although the Microdur® portable hardness testers did not 
give extremely accurate hardness measurements on the sample, they did produce accurate results 
when testing the hardness of standardized test blocks. These test blocks are the standard blocks 
used to calibrate the hardness testers. The surface of these test blocks is extremely flat--typically 
a surface roughness of < 25 (im. The manufacturer of these portable hardness testers 
recommends that for cases requiring extreme precision, the quality of the test piece surface 
should be equal to that of a standard test block. 

The R^ hardness of the sample was measured using a standard Rockwell hardness tester, 
and the results are plotted as a fianction of R in Figure 13. The average hardness is 69.7 ± 0.87 
R_^. The R^ hardness tester is usually used to measure the hardness of cemented carbides, thin 
steel, and shallow case-hardened steel, whereas Re is usually used to measure steel, hard cast 
iron, pearlitic malleable iron, and deep case-hardened steel. Using a conversion table (ref 4) to 
convert the average R^ to R^, the results were plotted in Figure 14 as a function of position. In 
Figure 14 it is shown that when the average R^ hardness is converted to R^ hardness, the 
relationship is not the same as in Figure 9. Although the R^ hardness did decrease as R 
increased, the decrease in the hardness was not as great as experienced in Figure 9 when 
experimental R^ hardness was measured. 

In Figure 15 the converted Re hardness from Figure 14 and the experimentally-measured 
Re hardness from Figure 9 are plotted as a function of position. Here it can be seen that the 
converted Re hardness and the experimentally-measured Re hardness do not overlap, therefore 
the conversion is not valid in the presence of residual stress. 



The Rjj hardness of the sample was measured using a standard Rockwell hardness tester, 
and the results along with the R^ hardness values are plotted as a function of R in Figure 16. By 
plotting the two hardness values on the same figure, it can be seen that both R^ and R^ show a 
relationship to the residual stress, but the R^ (with lesser load) showed larger scatter. The 
average hardness of the data is 55.0 ± 0.95 R^. 

DISCUSSION 

Since the cylindrical sample used in this experiment had been cut and polished for 
ultrasonic inspection, the residual stress at the surface was changed during the sample 
preparation. The ultrasonic techniques used to measure the residual stress in the sample assume 
that this stress is uniform throughout the thickness of the sample. Since the residual stress at the 
surface was changed during sample preparation, the effect of residual stress on hardness is 
dependent on the depth of the indentation employed during hardness measurements. The 
hardness testers that apply a relatively low load on the indenter during measurements (such as 
the Microdur® I and II) measure the surface hardness of the sample. However, hardness testers, 
in which the applied load is substantial enough to penetrate the surface layer where the residual 
stress has changed, would most likely measure the hardness of the sample where surface effects 
are muted. 

For the Microdur® portable hardness testers, the Vickers diamond pyramid indenter is 
used. The hardness tester converts the measured Vickers hardness number into the Re hardness 
number that is then given as data. In order to do this, the relationship between Vickers and Re 
hardness is assumed to be linear and the validity of this assumption in the presence of residual 
stress is untested. 

As seen in Figure 15, the converted Re hardness numbers and the experimental Re 
hardness numbers show very little correlation. This could mean that the relationship between 
the Re and the R^ hardness is not linear. When using a conversion table to obtain one hardness 
from another, the assumption of linearity is implicit. The experimental data presented here 
shows that if a metal contains residual stresses, then the conversion of hardness numbers from 
one type to another is not simply a linear conversion process. Since residual stress is present in 
most commercially available metals, with the implied assumption of linearity between hardness 
numbers using different tests, a relationship must include the effects of residual stress in the 
metals and thereby compensate for the non-linearity that exists in real alloys. 

One explanation for the non-linearity of the hardness numbers measured using different 
testers is that the residual stress present in the metal affects the penetration of the indenter into 
the metal. When the residual stress is compressive in nature, the pressure needed to cause 
yielding is greater than when only a tensile residual stress is present. The effect of residual stress 
is also dependent on the contact area of the indenter. Different hardness testers use different 
indenters to penetrate the metal, and the contact area, as well as its load dependence, is different 
for different indenters. 



The Microdur® portable hardness testers use the UCI method (ref 7). As the Vickers 
diamond comes in contact with the sample, the resonance frequency changes relative to the size 
of the indentation area. The hardness is calculated from this change in the resonance frequency. 
Here the hardness is measured under an applied load, so the effects of plastic as well as elastic 
deformation are both considered when this method is used. The residual stresses present in the 
metal should have no effect on the amount of elastic deformation the indenter produces during 
the hardness measurement (Theory of Superposition). As seen in Figure 16, a correlation 
between the R^ and R^ hardness values can be seen. Since the R^ and the Rp tests use major 
loads of 150 and 100 kg, respectively, the plastic deformation is much more pronounced 
compared to the other tests performed. An argument can be made that because of the plastic 
deformation, the effect of residual stress is best seen in the Re test in terms of the model 
proposed in Reference 1. There the effect of residual stress on hardness is understood in terms 
of the initiation of plastic deformation by the three-dimensional stress state (von Mises-Hencky 
Principle) (ref 2). Since the plastic deformation in the R^ test is higher, the effects of the plastic 
deformation are more likely to dominate other effects such as surface condition or any other 
surface anomaly that exists. 

The Microdur® portable hardness tester results can be strongly influenced by the surface 
roughness or surface treatment, since their penetration depth is relatively shallow. The 
Microdur® have typical calculated penetration depths of 11.2 |im and 28.7 jim, respectively. 
Typical surface roughness of the sample studied is equal to or greater than 0.25 jim. 
Consequently, the surface roughness effects on the hardness are minimized even in this extreme 
case. 

SUMMARY AND CONCLUSION 

The effect of residual stress on Re hardness had been measured experimentally and 
effectively modelled (ref 1). Here measurements were extended to other hardness testers using 
less load (R^ and RJ, smaller indenters, and vibrational hardness determination (Microdur® I 
and Microdur® II) in addition to repeating the R^ tests. 

Only Re and Rp, the tests with the highest applied load, showed the effect of residual 
stress. 

The difference between the hardness values that showed the effect and those that did not 
is the load applied. For a larger load there is more plastic yielding, and for more yielding there 
is more strain which translates into permanent indentation. This means that with the parameters 
of these experiments, the effect of residual stress that affects the onset of plastic deformation is 
more easily seen when the plastic deformation is greater. 

The vibrational tests in addition to their small indentation are more sensitive to surface 
residual stresses and to individual grains-quantities that were uncontrolled in this experiment 
and hence tended to cause larger scatter and obliterate the effect of the measured residual stress 
in the results. 
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Force 

(b) 

Figure 1. Brinell Indentation Process: (a) Schematic of the principle of the Brinell 
indentation process; (b) Brinell indentation with measuring scale in 
millimeters. 
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Figure 2. Principle of the Rockwell Hardness Method. 
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X Operating 
position 

Figure 3. Diamond pyramid indenter used for the Vickers test and resulting 
indentation in the workpiece: D is the mean diagonal of the 
indentation in millimeters. 
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Acoustic Transducer 

Figure 4. The right circular cylinder in which hardness measurements 
and ultrasonic residual stress measurements were made. 
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= oscillating rod, 2 = rubber seal, 3 = metal sleeve, 4 = ball bearing bushings, 5 = special spring, 
= housing, 7 = oscillating converter, 8 = amplifier, 9 = oscillation detector, 10= diamond tip , 

I = frequency discriminator, 12= ammeter 

Figure 5. Schematic of the Microdur® I portable hardness tester. 
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Figure 6. Schematic of the Microdur® II portable hardness tester. 
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Figure 7. Schematic of a Standard Rockwell hardness testing machine. 
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FIGURE #8 
RESIDUAL STRESS MEASUREMENTS 
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Figure 8. The measured residual hoop stress and.calculated radial stress for the sample 
cylinder plotted as a function of the position. Zero position corresponds to the 
ID of the cylinder while 1 corresponds to the OD. 
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FIGURE #9 
ROCKWELL-C MEASUREMENTS OF SAMPLE G 
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Figure 9. The Rockwell-C hardness measured using a standard Rockwell hardness tester 
is plotted as a function of R. The symbols represent the experimentally-measured 
hardness values, while the solid line represents the average hardness. 
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FIGURE #10 
ROCKWELL-C MEASUREMENTS OF SAMPLE G 
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EXP DATA 

THEORY 

Figure 10. The Rockwell-C hardness plotted as a function of radial position from ID. 
The symbols represent the experimentally-measured hardness values, while 
the solid line represents the predicted hardness using the a parameter and 
theory presented in Frankel, Abbate, and Scholz (ref 1). 
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FIGURE #11 
MICRODUR l-Rc HARDNESS OF SAMPLE G 
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Figure 11. The Rockwell-C hardness measured using the Microdur® I portable hardness 
tester is plotted as a function of R. The symbols represent the experimentally- 
measured hardness values, while the solid line represents the average hardness. 
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FIGURE #12 
MICRODUR il-Rc HARDNESS OF SAMPLE G 
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Figure 12. The Rockwell-C hardness measured using the Microdur® II portable hardness 
tester is plotted as a function of R. The symbols represent the experimentally- 
measured hardness values, while the solid line represents the average hardness. 
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FIGURE #13 
ROCKWELL A HARDNESS OF SAMPLE G 
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Figure 13. The Rockwell-A hardness measured using a standard Rockwell hardness tester 
is plotted as a function of R. The symbols represent the experimentally- 
measured hardness values, while the solid line represents the average hardness. 
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FIGURE #14 
ROCKWELL A AND C HARDNESS OF SAMPLE G 
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Figure 14. The cx)nverted Rockwell-C hardness measurements along with the experimentally- 
measured Rockwell-A hardness measurements plotted as a function of R. 
The solid line represents the experimentally-measured Rockwell-A hardness 
values and the dotted line represents the converted Rockwell-C hardness values. 
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FIGURE #15 
ROCKWELL-C HARDNESS OF SAMPLE G 
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Figure 15. The converted Rockwell-C hardness measurements along with the experimentally- 
measured Rockwell-C hardness measurements plotted as a function of R. 
The solid line represents the experimentally-measured Rockwell-C hardness 
values and the dotted line represents the converted Rockwell-C hardness values. 
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FIGURE #16 
ROCKWELL C AND D HARDNESS OF SAMPLE G 
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Figure 16. The experimentally-measured Rockwell-D and C hardness plotted as a function of R. 
The solid line represents the experimentally-measured Rockwell-C hardness values 
the open square represents the experimentally-measured Rockwell-D hardness 
values. 
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