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ABSTRACT: A procedure is described for performing Rockwell hardness testing of steel bar
used for concrete reinforcement to obtain estimates of tensile strength. Analysis of the
measurements was performed to assess the variation in hardness that exists in the bar. An
estimate of its corresponding tensile strength resulted using a strength-hardness correlation
available in the literature. Data analysis was accomplished using a spreadsheet and its plotting
capability. As an optional activity, estimates of the yield strength can also be acquired using an
empirical relationship between hardness and yield strength appearing in the literature.
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PREREQUISITE KNOWLEDGE: Junior/senior-level undergraduate laboratory experiment
requiring knowledge of mechanical properties as described in an introductory materials science
course and accompanying laboratory course together with a follow-on course on this materials
science topic.

OBJECTIVES:

(a) Experimental Goals:

1. To perform a calibration of a Rockwell hardness tester using a standard
test block; and
2. To measure the Rockwell hardness of a steel reinforcing bar, a widely

used construction material.
(b) Learning Goals:
1. To be able to perform Rockwell hardness testing, a prominent technique

for characterizing the mechanical response of materials, and to analyze
and interpret the resultant hardness values;
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2. To be able to obtain estimates of tensile strength using the hardness
measurements; and

3. (Optional) To be able to acquire estimates of yield strength using the
hardness measurements.

TYPE OF MODULE: Laboratory experiment

TIME REQUIRED: Hardness testing takes no more than 30 minutes; see Instructor Note 1.
MODULE LEVEL.: Intermediate undergraduate

MatEdU CORE COMPETENCIES COVERED:

0.A Demonstrate good communication skills

0.B  Prepare tests and analyze data

1.C  Demonstrate laboratory skills

2.B  Demonstrate proper use of units and conversions (for Optional activity)
3.A  Practice appropriate computer skills and uses

3.B  Demonstrate use of computer applications

4.A  Demonstrate effective work with teams

8.A  Demonstrate the planning and execution of materials experiments

8.B  Apply mechanical testing processes to solid materials

8.E  Perform appropriate tests of metallic materials
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EQUIPMENT AND MATERIALS: (1) Instron Wilson Rockwell hardness tester (model
R2000) equipped with a 1/16 in. steel ball indenter; (2) Rockwell test standard (Wilson block
serial no. 90041481; B scale hardness, HRB = 79.4 + 1.0); (3) two or four steel reinforcement
bar specimens (variable diameter depending on rebar designation and nominally 1/2 in. long); (4)
Wilson (Hardness) Conversion Chart 60.



SAFETY PRECAUTIONS: No particular safety precautions are necessary. However, care
must be taken to avoid moving the sample once the hardness tester commences its
operating cycle. Sectioned samples, although deburred, may have sharp circumferential
edges requiring careful handling to avoid fingers being cut.

INTRODUCTION:

General Background: Indentation hardness testing is a commonly used characterization
technique to acquire information about the mechanical behavior of materials. Two basic
methodologies have been developed that involve applying a constant load to an indenter of given
shape such as ball, cone, or pyramid. One approach involves optically measuring a characteristic
dimension of the resultant (plastic) impression once the indenter is removed. This measurement
allows calculation of a hardness pressure by dividing the applied load by either a contact area
(Brinell or Vickers hardness test) or projected area (Meyer or Knoop hardness test). The second
approach was developed by S.P. Rockwell. A direct reading appears on an analog or digital
display based on the measured change in penetration depth during a test cycle in which a
preliminary force (minor load) followed by a total force (major load) is applied, both for fixed
dwell times. The Rockwell test was chosen in this work because it is simple to conduct and
provides reliable results when certain “best practices” [1,2] are carefully followed.

Correlating hardness with mechanical properties determined from analyzing the stress-strain
curve obtained from performing a uniaxial tensile test has been a topic of considerable interest.
This is the case because hardness testing set-up and operation are much simpler and specimens
of irregular size and shape can be readily characterized. It is widely used as a quality control
tool for as-manufactured parts, something that is usually impossible with tensile testing due to its
prescriptive sample geometry and dimension requirements. Correlating hardness with tensile
strength, a readily identifiable feature on an engineering stress — engineering strain curve, is
generally considered to be most reliable; their relationship has been established experimentally
by obtaining hardness and tensile strength results on the same materials. Correlating hardness
with yield strength has also been investigated, but this relationship has higher uncertainty
because an empirical numerical constant typically taken to be 3 is used to relate the two material
properties [3].

Concrete is widely regarded as an affordable material that exhibits good mechanical properties
when subjected to compressive loads. However in tension, concrete is seen to have roughly
1/10th the load bearing capacity compared to when tested in compression. In hopes of
expanding upon the variety of possible applications of concrete, efforts have been made to
improve the properties of concrete in tension. A metal component was incorporated in a
concrete matrix in order to create a material with overall better mechanical properties and
specifically to lessen the undesirable fault regarding concrete's limited ability to withstand tensile
loads. The metal component used in this reinforced concrete is known as reinforcing bar (rebar)
and is typically a form of low carbon steel. It is understood that steel has markedly better tensile
load bearing capabilities than concrete. Additionally, rebar and concrete have similar
coefficients of thermal expansion and easily bond together. Therefore, temperature changes do
not lead to catastrophic failures due to different thermal expansions of the two materials. Since
these two materials are deemed to be compatible, the idea behind reinforced concrete is that the



rebar will improve the mechanical properties of the resulting material. Rebar is typically made
by hot rolling steel billets into rod-shaped material that has been shaped to have ridges with
various geometric designs on the exterior longitudinal surface. (Instructor Note 2)

Problem Statement (Instructor Note 3): You have recently been hired as an engineer by a
materials testing and consulting firm. The company president is intrigued by a recent article on
tensile testing steel concrete reinforcing bar (rebar) [4]. Recognizing the projected growth in
new construction over the next decade and the increasing awareness of the nation’s deteriorating
infrastructure, particularly roads and bridges, a decision was made to launch a program to
investigate the mechanical properties of rebar obtained from various places, both new coming
from numerous domestic and foreign sources and recovered from several existing structures.
Your part of the program involves an initial screening of materials received for tensile testing by
performing Rockwell hardness testing on the sample provided to accomplish four (4) primary
outcomes:

(a) Assessment of hardness uniformity throughout bar cross-sectional area;

(b) Estimation of the tensile strength (TS) of the rebar using the measured Rockwell hardness
values;

(c) Assessment whether it is possible for the rebar to be ASTM A36 steel as some suppliers
have claimed, based on the TS determined. (Obviously, more characterization such as
chemical analysis would be needed to substantiate your conclusion.); and

(d) Assessment of rebar classification using the ASTM A615 product standard with the same
Item (c) disclaimer above and assuming the rebar being tested meets all other requirements
appearing in the specification.

Schedule:
Pre-lab class Special laboratory problem introduced accompanied with preliminary instructions
(15 minutes)
Note your team number for pre-established three- or four-member teams posted
on the Internet (Moodle). (Instructor Note 1)

Homework: Read References [4] and [5]

Class #1 First half of the teams: 25 minutes in Materials Lab; receive rebar specimens.
(Instructor Note 4)

Second half of the teams: 25 minutes in Materials Lab; receive rebar specimens.
(Instructor Note 4)

(1) Receive instruction on using Rockwell hardness tester.
(2) Perform hardness testing on calibration block as a test example.



Class #2

Class #3

(3) Discuss performing hardness testing on rebar specimens provided (actual
access time(s) to tester scheduled using a sign-up sheet to accommodate all of the
teams during the week).

Homework: Read References [2] and [6] (background reading on Rockwell
hardness testing issues).

(1) Enter Rockwell B scale hardness and tensile strength data appearing in Table
6 (Reference [5]) or alternatively in Wilson (Instron) Desk Chart 60 [7], for soft
steel, gray and malleable cast iron and most non-ferrous metals, into Excel (or
equivalent) and plot tensile strength as a function of Rockwell hardness and
obtain an appropriate trend line for the data with accompanying R? value.
(2) Perform internet research on the following topics:
(@) rebar: how it is made, compositions, and mechanical properties;
(b) ASTM AS36 steel standard: mechanical properties and possible
accounts of it being used in rebar; and
(c) ASTM AG615 steel rebar standard: grade classifications and
corresponding mechanical properties.

Homework: Read References [8] and [9] (background reading on rebar).
(1) Complete remaining testing and complete data analysis.

(2) Discuss the results and draw technical conclusions as a team.
(3) Prepare outline of written report and delegate work among team members.

Post-lab class Submit group (team) written report.

PROCEDURE:

A. EXPERIMENTAL

1. Rockwell hardness testing

Before commencing sample testing, it is necessary to verify that the hardness tester is
working properly. (Instructor Note 5) The objective of this work is to perform Rockwell
hardness testing on the cross-sections of the provided steel rebar specimens using an Instron
Wilson Rockwell R2000 tester.

Record measurements and any relevant observations with appropriate drawings.

(1) Perform a calibration measurement on a standard Rockwell B scale test block placed
on the flat anvil of the tester such that the surface to be indented is orthogonal to the
indenter axis. If the measurement lies outside the specified range (In this case, HRB =
79.4 £ 1.0.), repeat the measurement since properly seating the block can be an issue.



(2) Obtain a series of typically four to six hardness measurements on the cross-sectional
areas of each of two (2) or four (4) specimens. (Instructor Note 4)

B. ANALYSIS

Perform the following analyses and respond to any questions as completely as possible
being sure to show all of your work and reasoning as partial credit can be earned.

1. Rockwell hardness measurements to obtain tensile strength estimates

a.

Compute the average and standard deviation for the hardness
measurements obtained for each specimen. Discuss and compare the
uniformity in hardness of each specimen.

Using Excel (or equivalent), create a properly labeled plot of tensile
strength, ksi, versus Rockwell (B scale) hardness (HRB) given in
References [5,7]. Obtain the appropriate trend line equation with R? value
and discuss the trend that exists.

Using Excel (or equivalent), determine the estimated tensile strength for
each rebar specimen utilizing the equation for the trend line in the plot
prepared for Item 1.b.

Using the estimated tensile strength values, assess whether the rebar
sample could possibly be A36 steel [10].

Using the estimated tensile strength values, classify the rebar sample using
the A615 product standard [11].

2. (Optional) Rockwell hardness measurements to obtain yield strength estimates

a.

Using Excel (or equivalent), create a properly labeled plot of Brinell
hardness (HB) determined using a 500 kgrload and a 10 mm ball as a
function of Rockwell (B scale) hardness (HRB) obtained for soft steel,
gray and malleable cast iron and most non-ferrous metals as given in
Wilson (Instron) Desk Chart 60 [7]. Obtain the trend line equation with
R? value and discuss the trend that exists.

Using Excel (or equivalent), determine the corresponding HB value (using
the equation for the trend line in the plot prepared for Item 2.a) for each
rebar specimen.

Convert the HB value to a Meyer hardness (HM) value using

HM = 4P/nd,?, 1)



where P is the applied load (500 kg) on the indenter, and d, is the diameter
of the projected circular area of the indentation. The quantity d,? is
determined from the equation used to calculate HB

HB = 2P/{nD[D - (D? - dp?)°°]}, @)
where D is the ball diameter (10 mm).

d. Determine corresponding estimates of yield strength, oy, for the HM
values for each rebar specimen using the empirical relationship

HM = coy, (3)

where the constant c is approximately 3 for mild steel when HM and ¢
have the same units, say kg#/mm?.[3] (Instructor Note 6) To be consistent
with the units of tensile strength, report yield strength in units of ksi.
(Instructor Note 7)

COMMENTS with Sample Data and Plots:

Multiple experimental measurements were obtained to verify the results. A complete data set for
all of the rebar samples acquired (Appendix A, Table Al) was obtained by one of the authors
(WLE) and appears in Appendix A, Tables A2 and A3. The data appearing in the section below
are considered to be representative.

Rockwell hardness testing: Table 1 presents the hardness readings obtained for the two
specimens of Rebar Designation (Sample) #5 (bar size #4) as well as the variation in the

data. Specimen 1 was subjected to seven hardness tests yielding an average value of

90.1. Specimen 2 was subjected to six hardness tests resulting in a higher average hardness of
92.5. Both of these values compare very favorably with the value for the same sample appearing
in Appendix, Table A2. The placement of the indentations on both specimens can be seen in the
diagrams in Figure 1. In analyzing the standard deviation associated with the data for the two
specimens, it can be seen that Specimen 1 exhibited significantly more scatter in the
measurements than that for Specimen 2 with standard deviations of 2.7 and 1.1, respectively,
being calculated. However, much of the explanation for the larger standard deviation of
Specimen 1 is associated with a single significantly lower reading (5.5 less than the average
hardness) obtained in the middle of the cross-section compared with the rest of the
measurements. If this outlier is omitted, the average and standard deviation values would be
91.0 and 1.2, respectively. With the exception of the aforementioned center reading for
Specimen #1, the hardness of the rebar sample appears to be reasonably uniform as indicated by
the relatively small recalculated standard deviation.

Tensile strength estimation: Figure 2 is a plot of tensile strength as a function of Rockwell (B
scale) hardness for the tabulated data appearing both in References [5,7]. The curve is non-linear
and not particularly smoothly varying for the upper portion. Using the trend line relationship
obtained for the complete data set for this correlation, estimates for tensile strength values of




90.4 and 95.5 ksi were obtained for Specimen 1 and 2, respectively. (Instructor Note 8) Strength
estimates obtained by tabular interpolation were similar: 89.1 and 93.0 ksi. The tensile strength
of A36 steel appearing in the literature [10] is reported as a range from 58.0 to 79.8 ksi, which is
well below the estimates obtained in this work. Judging from the values appearing in Table 2
taken from reference [11], the rebar tested, if in fact ASTM A615 steel, would be classified as
Grade 60 having a minimum tensile strength of 90 ksi.

Uncertainty analysis/sources of error: A single calibration measurement (78.8 HRB) was found
to be within the calibration block’s specified range of 79.4 £ 1.0 HRB, indicating the hardness
tester was operating properly. Care was taken to ensure that the locations on the specimens
chosen for testing were not too close together. However, the large negative deviation in the first
measurement on Specimen 1 from its mean hardness value indicates there may be some other
problem with the measurement; alternatively the center may simply have been softer. The
largest source of error was not having the top and bottom surfaces of the specimens being exactly
parallel and highly flat across the entire cross-section. To mitigate this, the surface with the
greatest stability (least or no amount of rocking when manipulated) was set face down on the
anvil of the tester.

Yield strength estimation (Optional): Figure 3 provides a plot of Brinell hardness as a function
of Rockwell (B scale) hardness for the tabulated data, also available in References [5,7]. The
curve is non-linear and smoothly varying. From the given trend line for the data, Brinell
hardness values of 158.2 and 166.6 kgi/mm? were obtained for Specimen 1 and Specimen 2,
respectively. The corresponding Meyer hardness values were very similar: 159.8 and 168.2
kgi/mm?, respectively, resulting in estimated yield strengths of 75.8 and 79.7 ksi. (Instructor
Note 7) Taking these values into account does not change ASTM A615 Grade 60 classification
arrived at above. (Instructor Note 9) The tensile strength/yield strength ratios were calculated to
be 1.19 and 1.20 for Specimen 1 and Specimen 2, respectively. It should be noted that these
ratios are somewhat lower than the range (1.31 to 1.5) specified in ASTM A615 [11] which may
indicate that the approach used to determine yield strength provides an overestimation or that the
sample is not A615 steel.

INSTRUCTOR NOTES:

1. Three 50-minute periods held on consecutive class days are set aside to work on the various
aspects of this problem while accommodating a class of 25 students which was divided into eight
teams of three or four members each. The obtainment of actual hardness measurements
necessary in this experiment can be accomplished in no more than 30 min. Analysis and
interpretation of hardness results were performed outside of class, although there was sufficient
time in the scheduled lab time to begin this process.

2. Cold-rolled rebar is available commercially [12], and its distinctive properties and potential
applications have been described [13]. The reviewer suggested trying to develop a procedure to
distinguish between hot-rolled and cold-rolled rebar as an enhancement to the current
experiment.



3. The current hardness experiment relates to several previous years’ NEW papers [14-18] and
MatEdU modules [19-22] on various aspects of hardness testing.

4. A sizable selection of rebar samples (19 total) were gathered from a variety of sources having
bar sizes ranging from #3 to #8 (Appendix A, Table Al); teams were provided specimens from a
subset of available samples. For bar size #3, four 0.5 in. long specimens were supplied having a
two-flute end mill finish on the top and bottom surfaces; each specimen was subsequently
deburred with a hand file. For bar sizes #4 and greater, two 0.5 in. long specimens in the same
condition were provided.

5. Tester verification is accomplished using a test block which in this work appears to be a brass
material having a highly polished top surface and parallel bottom surface. Such standard
reference blocks are available from the manufacturer of the tester and have a certified hardness
specified with an upper/lower variation. Obtaining a hardness reading within the permitted range
of values for the block indicates that the tester is working properly, and students can proceed
testing specimens with confidence. However if a large number of measurements are being
obtained, it is desirable to perform periodic additional calibration checks.

6. Alternatively, Rowe [23] offers a simpler approach that relates Brinell hardness directly to
yield strength:

HB = coy, (4)

where the constant c is also approximately 3 for mild steel when HB and ¢ have the same units,
say kgi/mm?. For this work, the difference in yield strength values estimated using Meyer
hardness vs. Brinell hardness directly is minimal: 75.8 vs. 75.0 ksi, respectively, for Specimen 1
and 79.7 vs. 79.0 ksi, respectively, for Specimen 2.

7. To obtain yield strength in units of ksi to be consistent with those reported for tensile strength,
the conversion factor 1 kgi/mm? = 1.4223 ksi is used.

8. Instead of employing a single trend line, the data set can be divided with the break point
occurring at (82 HRB, 77 ksi tensile strength), corresponding to when the data is no longer
smoothly varying. The resulting plots of tensile strength as a function of Rockwell (B scale)
hardness for the two segments, each with its own trend line, are given in Figures 4 and 5. Using
the trend line in Figure 5, the estimated tensile strengths are 88.9 and 94.0 for Specimen 1 and 2,
respectively, which are a bit closer to the estimates obtained by tabular interpolation.

9. The tensile strength estimates, consistent with the corresponding yield strength estimates,
continue to govern and leave unchanged the ASTM A615 grade classifications. In this case,
tensile strength estimates were used because they are considered to be more reliable than yield
strength estimates.
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Table 1. Rockwell (B Scale) measurements on rebar Sample #5.

Specimen 1 Specimen 2
. Hardness Deviation . Hardness Deviation
Indentation (HRB) from Indentation (HRB) from
Mean Mean
1 84.6 -5.5 1 92.8 0.3
2 89.2 -0.9 2 90.7 -1.8
3 91.4 1.3 3 92.8 0.3
4 90.5 0.4 4 91.9 -0.6
5 90.7 0.6 5 93.6 1.1
6 91.5 1.4 6 93.3 0.8
7 92.8 2.7
Average 90.1 Average 92.5
Std. Dev. 2.4 Std. Dev. 1.0
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Specimen 1

indicates where an indentation was placed. The number next to the symbol is the
indentation number, where #1 is the first indentation and #7 and #6 are the final indentations, for
Specimen 1 and Specimen 2, respectively.

Specimen 2

Figure 1. Rockwell (B scale) indentation location diagrams for Specimens 1 and 2 of rebar
Sample #5.
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Table 2. Tabulation of mechanical properties of ASTM A615 rebar steel for various grade

classifications.[11]

Grade 40 60 75 80 100
Classification
Tensile strength, 60 90 100 105 115
minimum, Ksi
Yield strength, 40 60 75 80 100
minimum, Ksi

Tensile Strength vs. HRB from
Wilson Desk Chart (1992)

7140
¥
<120 y = 0.0292x2- 3.2012x + 141.79
"6'-) R2 = 0.9939 + Wilson Desk Chart
5100 60
»n 80 G — Poly. (Wilson Desk
o Chart 60)
c
2 40 ' '

60 80 100

HRB

Figure 2. Tensile strength — Rockwell (B scale) hardness correlation obtained from Wilson
(Instron) Desk Chart 60 (1992) [7].



Brinell Hardness vs. HRB from
Wilson Desk Chart (1992)
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Figure 3. Brinell hardness — Rockwell (B scale) hardness correlation obtained from Wilson
(Instron) Desk Chart 60 (1992) [7].
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Wilson Desk Chart (1992)
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Figure 4. Tensile strength — Rockwell (B scale) hardness correlation obtained from Wilson
(Instron) Desk Chart 60 (1992) [7] for partial data set up to (81 HRB, 73 tensile strength).



Tensile Strength vs. HRB from
Wilson Desk Chart (1992)
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Figure 5. Tensile strength — Rockwell (B scale) hardness correlation obtained from Wilson
(Instron) Desk Chart 60 (1992) [7] for partial data set starting at (82 HRB, 77 tensile strength).



Appendix A: This section contains a listing of all of the rebar samples that were acquired along
with the Rockwell (B scale) hardness measurements and analysis results obtained separately by
one of the authors (WLE).

Table Al. Inventory of rebar samples (complete).

Rebar Designation Description
#la* Found at Loyola University Maryland 2015 near construction site; clean;
slanted ridges; bar size #4
#2 Found at Loyola University Maryland 1987 near construction site; lightly
coated in concrete; slanted ridges with alternating positive and negative
slopes; bar size #4
Sch #3 Local concrete construction company; currently in use; fairly clean; slanted
ridges; bar size #3
Sch #4a Local concrete construction company; currently in use; rusty; straight ridges;
bar size #4
Sch #4b Local concrete construction company; currently in use; clean; slanted ridges;
bar size #4
Sch #5a Local concrete construction company; currently in use; rusty; straight ridges;
bar size #5
Sch #5c¢ Local concrete construction company; currently in use; green coating; slanted
ridges; bar size #5
Sch #6b Local concrete construction company; currently in use; rusty; straight ridges;
bar size #6
Sch #8 Local concrete construction company; currently in use; green coating; slanted
ridges; bar size #8
#3 Found at Loyola University Maryland 2015 near construction site; lightly
coated with concrete; X-shaped ridges; bar size #6
#4 WLE used in garden; > 30 years old; very rusty; slanted ridges; bar size #3
#5 WLE neighbor; clean; straight ridges; bar size #4
#6 WLE used in garden; > 30 years old; very rusty; slanted ridges; bar size #3
LH#1 Local construction contractor; > 10 years old clean; slanted ridges; bar size #4
LH #2 Local construction contractor; > 10 years old rusty; slanted ridges; bar size #5
LH #3 Local construction contractor; > 10 years old rusty; slanted ridges; bar size #5
CS#1 WLE second neighbor; rusty; straight ridges; bar size #4
CS#2 WLE second neighbor; rusty; straight ridges; bar size #5
CS#3 WLE second neighbor; rusty; straight ridges; bar size #6

*Samples #1b and #1c were separate pieces found at the same time and location.
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Table A2. Summary of rebar hardness testing results and tensile strength estimates.

Rebar Rockwell Hardness (B Scale) | Est. Tensile Strength, A367? A615
Designation o = Standard Deviation ksi Grade

#la* 94.7 100.4 No 75
c=2.0

#2 83.0 77.2 Yes 40
c=3.1

Sch #3 98.6 110.0 No 80
c=2.8

Sch #4a 94.4 99.9 No 75
c=2.0

Sch #4b 94.5 100.0 No 75
c=1.7

Sch #5a 96.4 104.5 No 80
c=1.5

Sch #5¢ 94.5 100.0 No 75
c=34

Sch #6b 95.8 103.0 No 75
c=23

Sch #8 94.1 99.1 No 75
c=0.7

#3 96.4 104.6 No 80
c=1.3

#4 81.7 75.2 Yes 40
c=3.0

#5 91.0 92.3 No 60
c=1.3

#6 81.8 75.3 Yes 40
c=1.7

LH#1 99.3 111.8 No 80
c=1.1

LH #2 93.8 98.5 No 75
c=0.8

LH #3 94.6 100.2 No 75
c=0.8

CS#1 94.5 100.0 No 75
c=4.7

CS#2 95.3 102.0 No 75
c=1.2

CS#3 95.3 102.0 No 75
c=0.8

*Samples #1b and #1c have not been tested.




Table A3. Summary of rebar analyzed hardness results to obtain yield strength estimates.

Rebar Brinell Hardness, Meyer Hardness, Est. Yield Tensile
Designation kgi/mm? kgi/mm? Strength, Strength/Yield

ksi Strength
#la* 174.8 176.4 83.6 1.20
#2 136.7 138.4 65.6 1.18
Sch #3 190.4 192.0 91.0 1.21
Sch #4a 173.6 175.2 83.1 1.20
Sch #4b 174.0 175.6 83.3 1.20
Sch #5a 181.4 183.0 86.8 1.20
Sch #5¢ 174.0 175.6 83.3 1.20
Sch #6b 179.0 180.6 85.6 1.20
Sch #8 172.5 174.1 82.5 1.20
#3 181.4 183.0 86.8 1.21
#4 133.3 134.9 64.0 1.18
#5 161.3 162.9 77.2 1.20
#6 133.6 135.2 64.1 1.17
LH#1 193.3 194.9 92.4 1.21
LH #2 171.4 173.0 82.0 1.20
LH #3 174.4 176.0 83.4 1.20
CS#1 174.0 175.6 83.3 1.20
CS#2 177.1 178.7 84.7 1.20
CS #3 177.1 178.7 84.7 1.20

*Samples #1b and #1c have not been tested for analyzed hardness results to be obtained.
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EVALUATION PACKET:

Student evaluation questions (discussion or quiz):

1.

no

NGk W

Describe the two common testing methodologies for determining the indentation
hardness of materials.

Explain the interest in correlating hardness with mechanical properties determined from
analyzing the stress-strain curve obtained from performing a uniaxial tensile test.
Explain why rebar is added to concrete.

Discuss what is accomplished by using a standard hardness test block.

Discuss the correlation that exists between tensile strength and hardness.

Explain how tensile strength is estimated from hardness measurements.

(Optional) Discuss the correlation that exists between yield strength and hardness.
(Optional) Explain how yield strength is estimated from hardness measurements.

Instructor evaluation questions:

=

o

At what grade level was this module used?

Was the level and rigor of the module what you expected? If not, how can it be
improved?

Did the lab work as presented? Did it add to student learning? Please note any problems
or suggestions.

Was the background material provided sufficient for your background? Sufficient for
your discussion with the students? Comments?

Did the lab generate interest among the students? Explain.

Please provide your input on how this module can be improved, including comments or
suggestions concerning the approach, focus, and effectiveness of this activity in your
context.

Course evaluation questions (for the students)

S~ wd P

Was the lab write-up clear and understandable?

Was the instructor’s explanation comprehensive and thorough?
Was the instructor interested in your questions?

Was the instructor able to answer your questions?

Was the importance of materials testing made clear?

What was the most interesting thing that you learned?
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