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Abstract
The Mechanical Measurements course at Rose-Hulman Institute of Technology is a team-taught, two-credit lab course that is required for all Mechanical Engineering undergraduates.  A central focus of the course is in uncertainty analysis and presentation of data.  At the end of the ten-week quarter, student teams present the results of an experimental project to faculty and peers in a ten minute presentation.

The learning objectives require students to design and execute experimental projects, to take credible measurements that represent the resultant, and to communicate those results in a convincing, well-rehearsed oral presentation. Technical quality and communications quality are equally emphasized in the course.
This paper describes a project given to three student teams.  The students were given samples of steel that had received a range of heat treatments.  Students were required to determine the constants (o and k for a Hall-Petch relationship of the form
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based on measurements of yield strength ((y) and average grain diameter (d).  The teams were required to select the appropriate equipment and test procedures to measure strength and grain size and to develop the appropriate analysis to estimate uncertainties in their resultants (o and k.  

Three teams of four students each, working independently, produced a range of results and conclusions.  Results from the three teams of students that participated in the project are given.  Recommendations for the next iteration of this student project are given.

Student outcomes from participating in this experiment include hands-on use of tensile testing and hardness testing machines, preparation and analysis of metallographic specimens, and use of optical microscopy to measure grain size in steel.  Topics in materials engineering are reinforced, including strengthening mechanisms, mechanical testing, effect of microstructure on properties and phase transformations.
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Objectives

The purpose of this experimental project is for students to apply the principles of the mechanical measurements course, including uncertainty analysis, to make measurements of material properties relevant to the Hall-Petch relationship and compare their results to the published empirical model. 
Experimental Procedure

The material for the experiment was 9.5 mm (0.375 inch) diameter cold-rolled AISI 1018 bar stock.  The stock material was cut into eight-inch long segments and subjected to the heat treatments listed in Table 1.  The purpose of the heat treatment was to cause grain size differences in the steel samples.  The selected heat treatment temperature, 482°C (900ºF), was below the estimated recrystallization temperature, and below the euctectoid temperature.  The recrystallization temperature for pure iron with a minimum of cold work is 450ºC (840ºF), and the eutectoid temperature is 727ºC (1341ºF)  [1].  The selected temperature for heat treatment (900ºF) was expected to cause slow growth of the grains.  A Sybron Thermoline furnace was used for the heat treatments.

Table 1.
Initial heat treatments given to steel samples

	Treatment number
	Furnace temperature
	Time at temperature
	Cooling method

	1
	482°C (900°F)
	30 minutes
	furnace cooled

	2
	482°C (900°F)
	1 hour
	furnace cooled

	3
	482°C (900°F)
	4 hours
	furnace cooled

	4
	482°C (900°F)
	1 hour
	air cooled

	5
	482°C (900°F)
	1 hour
	water quenched

	6 (as-received)
	n/a
	n/a
	n/a



Following heat treatment, the bars were machined to generate round tensile testing samples.  The tensile samples had a nominal gage length of 25.4 mm (1.0 inch) and a nominal gage diameter of 3.2 mm (0.125 inch).

Each student team was given a group of tensile bars that included at least one bar from each of the heat treatments.  Students were instructed to pull the samples until failure.  The MTS 810 tensile machine that the students used had a maximum capacity of  89000 N (20000 lbf).  Students calculated the ultimate strength of each specimen by dividing force at failure by initial cross-sectional area.  An extensometer or strain gage was not used in the tensile testing.

Students were required to mount, polish and etch the failed samples and to determine the grain size.  Once the ultimate stress and grain size for each tensile sample were measured, students plotted the results and determined the constants (o and k in the Hall-Petch equation, with uncertainty estimates. 
The intercept method was used to calculate grain size.  To calculate grain size with the intercept method, a straight line is drawn through a photomicrograph.  The number of grain boundary intersections that the line crosses divided by the length of the line is inverted and divided by the magnification to get an estimate of grain size.

Results

Table 2 summarizes the tensile test data reported by each team, using a load cell constant of 78.7 V mm-1(2000 V inch-1).  The headings in the table indicate the time at heat treatment temperature followed by the cooling method.  'FC' designates furnace cool, and 'AC' designates air cool.   The table shows a general trend of decreasing strength with increasing time at temperature.

Table 2.
Tensile strength data for different heat treatments (MPa)
	Team
	Untreated stock
	0.5 hr FC
	1.0 hr FC
	4.0 hr FC
	1.0 hr AC

	1
	630.9
	625.4
	571.6
	564.7
	604.0

	1 (estimated)
	669.5
	574.4
	584.0
	609.5
	650.2

	2
	804.6
	796.4
	739.8
	732.2
	729.5

	3
	712.9
	718.5
	608.1
	580.6
	608.1

	average
	704.5
	678.6
	625.9
	621.8
	648.0

	st. dev.
	74.7
	98.6
	77.5
	76.0
	58.2


Team 1 did not determine a Hall-Petch relationship or an uncertainty analysis for their results.  The reason given by Team 1 for not determining a Hall-Petch relationship was because of a lack of a credible grain size measurement.  The team members thought that their polishing and etching were insufficient to reveal a grain structure.  This team selected an etchant with iron chloride, which was different than what the other two teams used for etching.  For example, Teams 2 and 3 each used variations of Nital, aka HNO3 in ethanol, for etching.  Team 1's etched microstructures, using an iron chloride containing etchant, reveal a structure which shows dark islands in a white matrix.  Team 1 calculated a grain size based on the size of the dark islands.  Fig. 1 shows an example microstructure as presented by Team 1.

The structure shown in Fig. 1 is a good example of what many of the etched structures looked like from each of the teams.  After several discussions, the groups concluded that the dark areas were pearlite grains and the white area were  concluded to be ferrite.


[image: image2]
Fig. 1.
Microstructure of cold-worked 1018 steel in the as-received condition.  The sample shown was polished and etched with an iron chloride-containing etchant.  The microstructures shows dark islands in a light matrix.  The dark areas are possibly grains of pearlite and the white area is possibly ferrite.  The magnification shown is 40x.

Team 1, unlike the other two teams, performed a hardness measurement on each sample.  Team 1 calculated a predicted strength using hardness measurement data according to:
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Equation (1) gives ultimate tensile strength as a function of hardness, according to measurements on a Brinell scale.  Students used a machine which gave hardness on the Rockwell C scale.  In order to use equation (1), students had to convert their Rockwell C measurements to data compatible with the Brinell scale.  Equation (1) and hardness conversion data are in Callister (2).

Fig. 2 shows ultimate tensile strength for different heat treatments as reported by Team 1.  The gray bars represent data estimated from hardness measurements and the hatched bars represent data from tensile test measurements.  The average percent difference between the esimated and the measured tensile strengths is 5.4%.

[image: image4.emf]500

520

540

560

580

600

620

640

660

680

as-recd 0.5 hr FC 1.0 hr FC 4.0 hr FC 1.0 hr AC 4.0 hr

quench

ultimate tensile strength (MPa)

Est UTS from hardness

Actual UTS


Fig. 2.

Ultimate tensile strength for different heat treatments as reported by Team 1.  The gray bars represent the data estimated from hardness measurements.  The hatched bars represent data that was obtained from tensile test measurements.

Team 1 questioned the heat treatment procedure and commented that it may have been better to heat treat the specimens at a temperature above the recrystallization temperature or eutectoid temperature to get more change in the microstructure.  Several discussions were held with some of the members of Team 1, which served as opportunities for the students to learn more about the iron-carbon phase diagram and recrystallization kinetics.

Team 2 used a systematic method to determine the optimum polishing and etching procedure.  Their etchant was 7% HNO3 in ethanol.  Through experimentation, Team 2 discovered that two minutes was the optimum time for the etchant to remain on the polished sample prior to methanol rinse.  Figure 3 shows an example of an etched microstructure at a magnification of 160x.  The horizontal line in the photograph shows how the intercept method was used to estimate grain size.

Team 2's uncertainty analysis was based on rearranging the Hall-Petch equation to create a data reduction equation.  With the data reduction equation giving a measurand as a function of variables, and with estimates of uncertainty for each of the variables, they calculated (o and k along with estimated uncertainty.

Table 3 summarizes the parameters and corresponding uncertainties that Team 2 considered for their uncertainty esimatation.  The basis for the uncertainties for the parameters of the Hall-Petch linear data fit, (o and k, are calculated from a linear error curve fit equation.

Table 3.
Summary of uncertainty for experimental parameters
	Parameter
	Representative value
	Estimated uncertainty
	Basis for uncertainty
	Relative uncertainty

	Force to cause sample failure, F
	5950 N
	( 997 N
	load cell uncertainty
	( 17%

	Measured grain diameter, d
	0.05 mm
	( 0.0005 mm
	readability from microscope image
	( 1%

	Cross sectional area of sample, A
	7.7 mm2
	( 0.8 mm2
	readability from calipers
	( 1%

	(o
	600 MPa
	( 130 MPa
	calibration uncertainty
	( 22%

	k
	7.3 N mm-2
	( 1.4 N mm-2
	calibration uncertainty
	( 19&














The data shown by Team 2 did not give a Hall-Petch relationship showing strength increasing as a function of inverse root grain size.  One possible reason why their data did not show the linear relationship was due to most of their grain size data having a small range of values.
To better understand random error, Team 2 performed tensile test and grain size measurements on five samples from each of two different heat treatments.  Five of the samples were as-received, and five were heat treated for one hour at 482°C (900°F) and furnace cooled.  After tensile testing, a slug was removed from each bar and analyzed for grain size.  The results are summarized in Table 4.
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Fig. 3.

Etched microstructure from Team 2, at a magnification of 160x.  The dark areas are grains of pearlite, in a matrix of ferrite.  The horizontal line across the photomicrograph is an example of how the intercept method was used to estimate grain size.

Table 4.
Reproducilibility testing of five samples by Team 2

	Trial number
	(u (as-received cond.)
	(u (after 1 hr at 482°C, FC)

	1
	718 MPa
	690 MPa

	2
	721 MPa
	684 MPa

	3
	719 MPa
	701 MPa

	4
	713 MPa
	698 MPa

	5
	714 MPa
	705 MPa

	mean
	716 MPa
	696 MPa

	st. dev.
	3 MPa
	8 MPa

	random uncertainty
	4 MPa
	10 MPa


Table 4 shows that the reproducibility of tensile test measurements is less than one percent, for two different heat treatments.  Also, the heat treated samples are shown to have an approximately three percent reduction in ultimate tensile strength.

The results of Team 3 are shown in fig. 4.  Team 3 calculated a Hall-Petch relationship with the following regession values:  (o = 38.5 ksi and k = 1.5 ksi in-0.5.  The correlation coefficient for Team 3's regressed data shown in fig. 4 is 0.78.  Team 2's data are shown on the plot in fig. 4 for comparison.
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Fig. 4.
Ultimate tensile strength as a function of inverse grain diameter as reported by Team 3.  The regression line represents the result from a Hall-Petch linear data fit.  The reported Hall-Petch constants based on Team 3's data are intercept (o = 266 MPa and slope k = 52.1 MPa mm0.5.  Team 2's data (gray dots) is shown for comparison.

Comments
In general, the overall performance of the teams was reasonably good, considering that this is the first time that the faculty team has managed this particular experiment.  Challenges that the students faced and overcame included late-arriving lab equipment (it arrived mid-quarter), developing their own polishing and etching procedures, and having to go up to a different floor to the Physics department to use an optical metallograph.  The new metallograph for the Materials Lab in the Mechanical Enginering Department arrived during Finals Week, at the end of the quarter.

Teams had relatively few problems operating the tensile tester and pulling the tensile bars to failure and calculating the ultimate tensile strength.  During next year's offering of the course, students who select this project will be asked to show their calculations early in the quarter to prevent misunderstandings about LVDT constants and machine settings.  According to Callister (3), the tensile strength of 1020 steel in the cold-rolled condition is 421 MPa (61 ksi) minimum.  Students will be required to show their calculated yield and ultimate tensile strength measurements early in the quarter.  Also, an extensometer will be used to measure strain during testing.  Students will be required to calculate the elastic modulus of the material, along with the random uncertainty in their measurement.

Determining grain size was a challenge to all involved in the project.  Some of the best polished and etched sample microstructures would show the appearance of darker regions in a light-colored matrix.  The darker regions were believed to be grains of pearlite and the lighter regions were believed to be ferrite.  Given that the carbon concentration of the steel was 0.18% C, the relative ratio of proeutectoid ferrite to pearlite appears to coincide with the relative ratio seen in the etched microstructures.  Phase equilibrium calculations predict 78% pearlite and 22% ferrite in 1018 steel in the annealed condition.
The best estimates of grain size came from using the straight line intercept method, and counting each transition from a light colored grain to a dark colored grain as one intercept.  Even though this method may undercount grain boundaries (since light to light boundaries may not be seen or counted), it was agreed that the light-to-dark transition gave a consistent grain size estimate.  If the 482°C (900°F) heat treatments had any effect at growing grains in the sample, the light-to-dark boundary would serve as a quantifiable means of determining the effect of the heat treatment and its corresponding effect on strength.

The diameter of the cold-rolled 1018 stock prior to machining was 9.5 mm (0.375 inch).  Using a relatively small diameter bar stock makes it harder to detect fine changes in mechanical properties and also creates a challenge in polishing and etching.  Since the gage diameter of the machined bars was only 3.2 mm (0.125 inch), the force required to pull the gage diameter to failure was on the order of 5300 N (1200 lbf).  The tensile tester has a maximum force capability of 89000 N (20,000 lbf).

Next year's bars will be prepared to include a range of carefully heat treated samples.  Thermocouples will be affixed to the samples during heat treatment so students can get a stronger understanding of the effect of temperature on microstructure.  A larger diameter initial bar stock will be used, and the gage diameter of the machined tensile bars will be at least 6.4 mm (0.25 inch).

Conclusions

A new lab experiment was performed in a Mechanical Measurements course.  Teams of students (four students per team) were able to pull tensile bars to failure, measure grain size of the failed specimens, and estimate a Hall-Petch relationship based on measured data.  The three teams had various degrees of success in predicting the Hall-Petch constants, from no prediction at all to a reasonably good prediction.  Suggestions are made for improving the experimental project the next time it is offered.  
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